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Preface

This habilitation thesis presents the main results of my research work coddiscpart of OBASCO
(“Objects, Aspects, Components”) project, a joint project with INRIA ibatiso part of the “Labora-
toire d'Informatique de Nantes Atlantique” (LINA), in the computer scienepaitment oEcole des
Mines de Nantes. This work has focused on modularization and softwalgien problems inves-
tigated as part of the emerging research domain of Aspect-OrientedaRramng, in particular, the
foundation and design of aspect languages, the relationship betweogent-based programming
and aspects, as well as aspect-oriented support for distributecaprogng.

Similar problems had already been the subject of my previous work. Asopany PhD the-
sis at TU Berlin | investigated the parallelization of functional programs bynsied a skeleton-
based approach. This work can, in today's terminology, easily be framdde de nition of several
domain-speci ¢ aspect languages for parallel execution at difféegets of abstraction, ranging from
a high-level language to languages directly representing architecfurasatiel machines. | have also
provided an implementation in terms of a calculus allowing the transformation hetsiestraction
levels, a method very similar to aspect weaving.

In my following year of post-doc studies at IRISA/INRIA-Rennes, | enypl shape types — a
notion of graph-based types initially developed to provide better structuegort for data types in
the C language — to devise new abstraction and reasoning mechanism#é@rsarchitectures.
Such graph-based types allow, in particular, to formally de ne softwerkitectures underlying typi-
cal component-based systems and, based on a notion of re nement, dyodetic evolution of these
systems.

On my arrival at OBASCO group in 1997, | started working on re ectigect-oriented systems,
but became rapidly interested by the subject domain | report on in this habilitdéhie lack of means
for the modularization of so-called crosscutting functionalities as a fundamamblem for the en-
gineering of large-scale applications. Originating at Xerox PARC within tbegheaded by Gregor
Kiczales (but more generally in uenced by the re ection programming conitglrihis problem has
sparked in 1996 the development of a new style of programming featurétel®merging research
domain of Aspect-Oriented Programming [Kic96, KLo97, ACEF04].

My studies at OBASCO group, which are presented in this document,gdawus three funda-
mental problems with then and current aspect languages. First, most &sppiages use what is
called the “atomic pointcut model” in this thesis, i.e., only allow pointcuts to denot@tatgelated
execution events. This model, however, frequently leads to verbosdifamdt to understand aspect
de nitions. The main thread running through my work has been the queasfiect languages which
allow the direct formulation of relations between execution events and tiesithe concise for-
mulation of complex aspects. Second, the rst full- edged aspect laggsiaAspect] being the best
known among them, for a long time lacked formal semantics and did not (amddstr still do not)
support reasoning about aspect-oriented programs.

| have been interested from the start in providing a foundation of asgegtiages by means of



precise semantic frameworks, in particular, striving for a notion of “prgpbased” AOP. Further-
more, while the main application domain of AOP is, in principle, that of distributegnamming,
the large majority of AOP approaches study aspect languages in the ttohgequential program-
ming. Most recently, in the context of the European Network of ExcelléAGSD-Europe”, | have
therefore aimed at explicit support for concurrent and distributedcsgpiented programming. Fi-
nally, while most of my work on aspects focuses on aspect languagendssiges, almost all of this
research work has been employed in different application domainsngafigm standard sequential
crosscutting concerns, via concerns at the level of systems progranamihgperating systems, to
concerns of large-scale distributed applications, such as cache tigplifea distributed component-
based systems. This document also presents some of the main charactribtese application-
related results.

Besides aspect-oriented programming, component-based systems coastitaoad focus of my
work. More precisely, | have investigated notions of components with ekpliotocols in their
interfaces. By means of protocols of different levels of expressis®em wide range of component
properties can be captured: interactions among components, in parteanane de ned precisely

and analyzed. Moreover, as shown in this thesis these features algtoappmponent-based systems
that are subject to modi cation by aspects.
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Chapter 1

Introduction

A key insight of recent software engineering research is that antigsg functionalities — i.e., func-
tionalities that cannot be modularized using traditional structuring meartsasuabjects and compo-
nents — constitute a major problem for the development of virtually all largevacé applications.
This problem has been identi ed, for instance, in such different dons@m®mponent-based software
engineering, feature-based telephone switching networks, opergsitgrs and software product
lines. Starting with Dijkstra's [Dij74] and Parnas's [Par72] seminal wokk tiespectively introduced
the concepts of “separation of concerns” and “modularization”, mushkaieh has focused on meth-
ods to modularize such functionalities, in particular, based on techniqumgsmestaprogramming and
computational re ection. Relatively few of these approaches, howéase provided dedicated lan-
guage support featuring declarative means for the de nition of ctdeg functionalities. Recently,
Aspect-Oriented Software Development (AOSD) has emerged as tteralseld striving for new
declarative modularization mechanisms to tackle crosscutting functionalitidsaiystraction levels
(from software architectures via programs to executing code) as welrayg all software develop-
ment phases (from requirements engineering, via analysis and design toiempégion and software
maintenance, including adaptation).

AOSD techniques have stirred considerable interest, both in the resgamnchunity and the soft-
ware industry. It has, for instance, been included in 2001 in the MITtofisechnologies that “will
change the world” [KicO1]. AOSD has proved highly interesting from aademic point of view
especially because of the inherent complexity of the de nition and implementatitamguages for
the modularization of crosscutting functionalities, be they used for applicdésign, programming
or implementation. Furthermore, AOSD is at the crossroads of a large nuiinte¢eited research do-
mains: notable research work has been done, among others, on its redgifmgramming language
design and implementation, component-based programming, middleware aatragpsystems. Fi-
nally, AOSD techniques are of eminent practical relevance due to the impertf crosscutting
functionalities, such as distribution and transactional behavior in, e.g.,@wnpbased 3-tier appli-
cations.

While research in AOSD has brought into focus crosscutting as a centtalem for large-scale
software engineering and proposed rst solutions to some of the qgmneling modularization prob-
lems, the available body of work on AOSD and related elds has revealextaeroblems that have
not been addressed satisfactorily by mainstream approaches to A®G8&e problems comprise the
following three that are of fundamental nature to the eld of AOSD as welbake larger domain of
software engineering:

1. Thelevel of abstractiorof mainstream aspect languages is too low to modularize many intricate
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crosscutting concerns effectively.

2. The relation betweeAO abstractions and traditional modularizing mechanidmas not yet
been suf ciently clari ed and their synergetic use for the constructiofaoje-scale software
systems is an open issue.

3. Modularization problems dafistributed and concurrent prograntgve only been tackled rudi-
mentarily.

Before dwelling on the research directions underlying the work predémthis thesis, let us have
a closer look at these challenges.

Level of abstraction. Most fundamentally, the current level of abstraction of mainstream layegua
for AOP impedes the effective modularization of many non-trivial cro$gauconcerns.

AO languages are typically de ned in terms of pointcuts, which determine teeution points
of a base application where aspects modify a software system, and amhick,de ne how the base
application is to be modi ed. Currently, the predominant model for AOP is dasewhat we call in
this thesis th@atomic pointcut modelThis model is characterized by pointcuts that denote individual
execution points or sets thereof. Relationships between execution poinitgtiesto be de ned over
the execution history of a software system cannot be explicitly represanterms of such pointcuts
and have to be expressed using some external notion of auxiliary state.

However, crosscutting functionalities are frequently most naturally esprein terms of such
relationships between different execution points. Consider, for instatata replication as part of
some caching strategy in a distributed application. The point of time when data be replicated
as well as the data itself typically depend on different previous executiosp the point when data
enters the cache obviously, but also previous points pertaining to thekohtioncurrent executions
relevant to this replication action, such as transaction management.

The resulting lack of high-level abstractions has three major banefskcmences:

2 The de nition of concerns that exhibit non-trivial dependencies amaxegution events (like
the data replication concern mentioned above) cannot be expressed.

2 Correctness properties of aspects for such concerns are nohatds amenable to formaliza-
tion and automatic reasoning.

2 Means for the composition of aspects are lacking and aspect compositienaotie typically
left implicit. This is particularly pernicious to the use of aspects as a gen@gilgm structuring
method of large systems that typically rely on many aspects.

Interaction with existing modularization mechanisms. AOSD mechanisms are not intended to
supersede existing program structuring mechanisms but to complement tinemci®sscutting con-
cerns, which are scattered over many different parts of an applicgt@made traditional module
structures, such as software components and Modula-2 like modules)eabtiomn arises how to rec-
oncile aspects and traditional approaches to modularization as they satadamiory at rst sight.
The integration of these two concepts entails a large set of intricate probtemseraing all of the
software lifecyle and software development levels.
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Lack of support for non-sequential applications. Non-sequential, that is, distributed and concur-
rent applications, constitute one of the most important classes of applicataireathbe targeted by
AOSD techniques because of their many crosscutting concerns andlifypacge size. However,
there is almost no explicit support for aspects for non-sequentiatamoging. Instead, almost all
current approaches to such applications, for example distributed syistdlinssing software compo-
nents, rely on sequential aspect language that are used to manipulsgequamtial infrastructures.
Such approaches only support insuf cient modularization of distributedated concerns because,
for example, functionalities that require modi cations on different machhre to be implemented
using different programs on the different involved machines.

1.1 Research directions

Most of my work over the last seven years has focused on solutionthése three fundamental
problems of AOSD and has been aimed at resolving the resulting softwgirgeening challenges.
The leitmotiv of my research has been the development of expressigetdapguages and associ-
ated formal frameworks to support the concise and correct modularizatimtricate crosscutting
functionalities in large-scale sequential and distributed software systems.

In general terms, | have initiated and participated in the de nition of a larggeaf aspect sys-
tems and languages that providéigher level of abstractionespecially at the pointcut level, as
mainstream aspect languages. This work has given rise to severa o$thesults on theounda-
tions of AOPIn the form of formal semantics for expressive (nhon-atomic) aspetemsgsand auto-
matic reasoning methods about the properties of AO programs. We hawsetbon two of the most
fundamental properties: aspect interaction and aspect applicabilitgnbiesp

Furthermore, we have explored means forititegration of aspects and traditional modulariza-
tion techniquedn the context of component-based programming and systems programmitngveé/e
in particular, proposed more expressive notions of component ingsrtaat, in turn, have allowed to
tackle the integration of software components and aspects.

Finally, | have initiated the development of the currently most compreheaspect system for ex-
plicitly distributed programmings well as participated in the rst approach allowing to®rdination
of concurrent aspects

1.2 Presentation of this thesis

This habilitation thesis presents the main results of this body of work in termstahiregions of a
general modelEvent-based AOFEAOP), the rst non-atomic model for the de nition of expressive
aspect languages we have developed in 2000.

This thesis aims at two different goals. Firstirdform presentation of the major relevant research
resultson EAOP-based expressive aspects. We motivate that these instanteatadsie aspects to
be de ned more concisely and provide better support for formal r@agoover AO programs than
standard atomic approaches and other proposed non-atomic apg.o&creretely, four groups of
results are presented in order to substantiate these claims:

1. TheEAOP modelwhich features pointcuts de ned over the execution history of an dyder
ing base program. We present a taxonomy of the major language desiga [s=taining to
non-atomic aspect languages, such as pointcut expressivenesaigstate based, turing-
complete) and aspect composition mechanisms (e.g., precedence speasoatio turing-
complete composition programs).
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2. Support for the formal de nition of aspect-oriented programming dase different seman-
tic paradigms (among others, operational semantics and denotation semdftitRgrmore,
we have investigated thatatic analysis of interactionamong aspects as well as applicability
conditions for aspects. The corresponding foundational work on A@¥also permitted to
investigate different weaver de nitions that generalize on those usetthér approaches.

3. Several instantiations of the EAOP model for aspects concerningsiguprogram execu-
tions, in particular, focomponent-based and system-level programmifige former has re-
sulted in formally-de ned notions of aspects for the modi cation of compdmeatocols, while
the latter has shown, in particular that expressive aspects can be impldrimeafgerformance-
critical domain with negligible to reasonable overhead.

4. Two instantiations of the EAOP modeldéstributed and concurrent programmittigat signi -
cantly increase the abstraction level of aspect de nitions by means ofidespaci ¢ abstrac-
tions.

Moreover, we discuss a number pérspectivesanging from technical advances which can be
attained directly from the presented results to solutions to fundamental proldeAOP (and the
eld of software engineering as a whole). We consider, in particulaw tiee presented approach
provides a basis to address three fundamental problems of concaratsam

2 The quest for a well-de ned notion oespectual moduléshat reconciles aspects, i.e., modules
for crosscutting functionalities, with standard notions of modules (or at feadular reason-

ing).

2 A comprehensive framework afspects for distributed component-based programntinay
fosters a pattern-based approach to the development of distributedsdippiéc This way recent
results on the the synergy between AOP and pattern-based progrigm aed implementation
for sequential programs can be leveraged to distributed programming.

2 Generalizemodel-driven engineerintiirough the use of expressive aspect languages of differ-
ent level of abstractions.

While this document presents a large part of my work, several resultsoaige detailed here,
mainly because they would distract the reader's attention from the main thiraegliment focused on
here: the motivation, de nition and application of non-atomic aspect langgifay the modularization
of crosscutting concerns. Most notably, | do not discuss work | lovee on computational re ec-
tion and advanced concepts on object-oriented languages [3-DEI806@b, 7-DS00a, 4-CND0DA4].
While AOP can be seen as being historically based on re ection and while #rera number of
important conceptual, methodological and technical commonalities betweeddmotins, the rela-
tionship between the two domains is not essential for the work presented Beeci ¢ links be-
tween re ection and AOP are, however, mentioned in the text and the ite¢dresader is referred
to [BLO4, Lop04] for further information. A second subject of my worlaths not discussed in
this document is work on aspects for operating systen&lS* 03, 7ALSM03, 5-MLMS04]. This
work features a non-atomic pointcut language de ned using the tempagiasI€TL that is statically
woven using a transformational system. | do not either expose the vsryvark on a formal de -
nition of AOP as general transformational systems [7-FS98, 7-FS909] tlae pursued with Pascal
Fradet in 1998/99. Finally, | won't elaborate on early work on a fornmdraach to the de nition
and analysis of software architectures | have participated during my stande group at INRIA-
Rennes [5-HPS97].
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Structure of this document

The remainder of this document is structured in ve chapters. Chapter 2sraakase for non-atomic
pointcut languages and introduces the EAOP model on which most of tHe described here is
based. This chapter introduces, in particular, the language design aleiemation issues for as-
pects we are concerned with by presenting a taxonomy of languageefe&wumon-atomic aspect
languages. In Chapter 3, our work on the foundations of AO language®sented, covering dif-
ferent formal semantics for AO programs we have devised, propergsA®D programs we have
considered and corresponding support for property analysis emdation. Chapter 4 introduces a
second set of instantiations of the EAOP model geared towards softerapooents and system-level
programming. Chapter 5 discusses the extension of the EAOP model to thieutstrand concur-
rent cases: the recent work on explicitly-distributed AO programming disase rst approach to
concurrent aspects that allows to directly coordinate the concurreatigan of aspects and (concur-
rent) base programs. A conclusion as well as more fundamental (aspgutive) perspectives our
approach paves the way for are presented in Chapter 6.



Chapter 2

A case for expressive aspect languages

The lack of modularization techniques for crosscutting functionalities, i.agtifonalities that are
scattered all over an application and tangled with the code of other funiiiiesiaconstitute a fun-
damental engineering problem for large-scale software systems. AQ8S&ligates such crosscutting
concerns and promises a solution to this problem, essentially through new mimatida mechanisms
as part of aspect languagefspect languages are typically structured in terms of two sublanguages:
a pointcut language that de nes when or where a crosscutting fun&itioehould modify an under-
lying base application, and an advice sublanguage that de nes how toynbdibase. A major goal
of AOSD research is the de nition of simple but also expressive aspegtikges allowing the con-
cise (and hence easy to understand) de nition of aspects. Howeeamti now predominant aspect
model, which is embodied by the Aspect] [KHB1L, Asp], focuses on pointcuts that denote individual
(“atomic”) execution events or sets thereof but does not allow to declahatielate execution events
in terms of the history of execution. This seriously impedes the concise deraficomplex cross-
cutting concerns and the development of correct AO programs (both agswé informal judgement
or formal veri cation techniques).

This chapter presents three contributions which are central to ouragpto overcome this fun-
damental expression and correctness problem of AOSD. First, one @firldamental contributions
of AOSD has been the identi cation of crosscutting as a fundamental probfeall large-scale ap-
plications. However, until now many applications of aspects are of ratitmgies structure (e.g., the
infamous “logging aspect”). We present an analysis of a richly strudtueal-world crosscutting
problem: distribution and transactional behavior in a large-scale replicatd infrastructure, JBoss
Cache [jbob]. We show that these two concerns are crosscutting indserfme of (traditional) means
for modularization and that the concerns are governed by non-trafaionships. Second, we an-
alyze to what extent mainstream (i.e., atomic) models for AOP are suitable fondbalarization
of complex crosscutting concerns. We show that these models are siobgecious de ciencies for
such an endeavour. As a solution approach we present a taxonordyasfced features for aspect
languages that address these de ciencies. Third, we propose thd aidelent-Based AOP as an
alternative model for the modularization of complex crosscutting concétris.is achieved through
three distinctive features of the EAOP model: (i) support for expressspect languages that allow,
in particular, relationships between execution points to be representetlydoe the pointcut level,
(ii) an explicit notion of aspect composition, and (iii) the possibility to apply atpt® aspects.

1The importance of these two basic contributions of AOSD — identi cation/asisilyf crosscutting concerns and de ni-
tion of suitable aspect languages — has already been at the heart afitHé\@SD papers published by Gregor Kiczales's
group at Xerox research, see [Kic96, KL0o97].

12
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The results presented in this chapter, in particular, the analysis of atomitytolanguages
and the EAOP model for expressive aspect languages have beelopml as part of the FP5 Eu-
ropean IST project on software composition “EasyComp” [EAS] in coajien with several other
researchers and students. Most notably, my colleagumel Rouence and me have started the work on
non-atomic relationships for aspect languages in 2000 and developEd@®i® model. Luis Daniel
Benavides Navarro and me have performed the original study of critisgcconcerns in replicated
caches [5-BNSV06a], an extended version of which is presented in this text.

The remainder of this chapter is structured as follows: Section 2.1 preéberdasalysis of cross-
cutting concerns in a large-scale infrastructure for replicated cac8igfion 2.3 discusses the main-
stream (atomic) models for aspect languages in more detail, followed in S@dlitny the presenta-
tion of the model of Event-based AOP that forms the basis of our workidpez.5 gives a conclusion
and presents some perspectives.

2.1 Motivation: modularization of complex crosscutting concerns

We rst turn to the problem of crosscutting concerns that lies at the leé&©OSD. One of the main
motivation of our work has been that, despite its fundamental charactssoutting has been ap-
proached in a shallow manner only. Most work on AOP considers only sionpsscutting concerns
as exempli ed by numerous articles considering aspects like logging ouggactracing. Rela-
tively few researchers have considered more intricate crosscuttinipnslaips. A notable exception
are results relating to AspectJ-style control ow relationships betweeautiom events relevant for
crosscutting. Following this idea, Coady et al. [CKFS01, CKO03] investigeggetching in le sys-
tems expressed in terms of chains of nested calls between different sofewals of an operating
system. Finally, almost all work is focused on single aspects, even ifasprecfrequently subject to
interactions among one another.

In this section, we consider crosscutting in such a general setting. €elycwe extend one of our
previous studies on the modularization of distributed systems with the AWEDs{StBNSV* 06a]
on distribution and transactions in a industrial-strength replicated cacbgss I&che [jbob]. Here we
present (partially new) results showing that general relationships betdiferent execution events
are crucial for the concise de nition of aspects modularizing complexscuting concerns and that
refactoring of the underlying object-oriented application is not able tdweghis kind of modular-
ization problem. More concretely, our analysis of JBoss Cache consibmtbese two fundamental
characteristics of crosscutting as follows:

2 Type of relationships governing crosscuttingrosscutting generally does not consist of unre-
lated scattered and tangled actions but of actions that have to be exegutspbcting (fre-
quently implicit) protocols. Hence, they cannot be reasonably descriltedms of individual
execution events but only by making explicit the relationships betweenetiffevents. Repli-
cation and transactional behavior in replicated caches, as showrohdioss Cache, is nicely
illustrating this: both concerns are highly scattered, tangled with one anatmiprotocols,
e.g., involving the initialization and later use of caches and transactionsrui@ldo their
correct use.

2 Resistance to refactoringiVhile it is well-known that all functionalities of large software sys-
tems cannot be modularized at the same time using traditional program stsyseeee¢he notion
of the “tyranny of the dominant decomposition” introduced by Tarr et &DHB99)), it is an
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open question whether the modular structure of existing crosscutting foakities can be rea-
sonable improved by refactoring using traditional programming means.Baws Zache code
base has undergone substantial restructuring from March 2008dnet.2.1, which is the ver-
sion analyzed in our previous publication [5-BNS86a]) to August 2006 (the current version
1.4.0, which is considered here). This restructuring is partly targetetietter modularization
of the transaction concern. However, we show below that crosscuttireglacation and trans-
actional behavior still is an issue in the latest version, thus providing esédnat crosscutting
is resistant to restructuring of the underlying code base in large applisation

Analysis of replication and transaction concerns. JBoss Cache is a replicated cache which allows
to install caches onto a set of machines, a “cluster”, in a distributed Jsedtsystem among which
data is to be replicated. In its current version it supports three diffe@astiing strategies: (i) no
replication, (ii) replication among all machines in the cluster, and (iii) replicatinorsy a subset of
the cluster (“buddy replication”; this last strategy was not part of the dEzche version studied
in our previous work). JBoss Cache is a large application: it is implemented abject-oriented
framework of a little over 50,000 lines of code (LOC) and consists of 16 magkages including
about 250 classes.

Figure 2.2 shows elements of a crosscutting analysis for two of the main parts of thewakie
the classlreeCache (see Fig. 2.1a) that implements the tree data structure stored in the replicated
cache nodes and theterceptors package (see Fig. 2.1b) that is used as an OO abstraction to
separate functionalities in the code. Both parts are quite largeTrée€ache class, version 1.4,
counts over 6,300 LOC, thiaterceptors package contains 33 classes with a total of more than
7,000 LOC.

We have considered ve different functionalities that crosscut thes§Bache code base (These
are colored in the gure according to the color coding de ned in Fig. 2.1Ehree of these crosscut-
ting concerns are part of the replication and transactional behavier.rérhaining two relate to the
use of interceptors within JBoss Cache. We consider the latter to evaluafiéettieseness of standard
OO modularization mechanisms in the presence of crosscutting concemze@dy, Fig. 2.1 shows
the code distribution of the following functionalitiés

1. Distribution, more precisely use of the JGroups library for multicast conwatian between
caches [JGr].

2. Buddy replication, i.e., replication to subsets of clusters (even if buglalication is part of the
replication code we present it separatedly because this functionality isonie latest JBoss
Cache version).

3. Transactional behavior, i.e., calls to the J2EE transaction service.
4. Calls between different classes within thterceptors package.

5. Calls from thenterceptors package to th&reeCache class.

2The illustrations have been generated using the AspectJ plugin 1.4 foclipseEplatform, version 3.2.

SNote that Fig. 2.1 represents a lower bound of the correspondingstadering: all colored code parts are part of the
corresponding functionalities but there are instructions part of thetibradities that have not been colored. In fact, the
corresponding approximation has been easier to generate, is stiteisapport our claims and is tight enough to provide
an accurate picture of the concerns.
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(@) classTreeCache , versions 1.2 (left) and 1.4 (right)

(b) packagenterceptors , versions 1.2 (left) and 1.4 (right)

Distribution

Buddy replication (1.4 only)

Transactions

Interceptor callsifiterceptor package only)
Calls intoTreeCache (interceptor ~ package only)

(c) Aspects and color coding

Figure 2.1: Crosscutting in JBoss Cache versions 1.2 (left) and 1.4 (right)
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protected void _CreateService() throws  Exception
{
if (this .tm_lookup == null && this .tm_lookup_class != null )
{
Class clazz =
Thread.currentThread().getContextClassLoader().load Class( this .tm_lookup_class);
this .tm_lookup = (TransactionManagerLookup) clazz.newlinsta nce();
}
// build interceptor chain
interceptor_chain = new InterceptorChainFactory().buildinterceptorChain( this );
switch  (cache_mode)
{
case REPL_SYNC:
JmxConfigurator.registerChannel(
channel, server, "JGroups:.channel=" + channel.getChanne IName() , true );
}
Figure 2.2: Excerpt of methotteeCache. _createService
public  Object put(Fgn fqn, Object key, Object value) throws CacheException
{
GlobalTransaction tx = getCurrentTransaction();
MethodCall m = MethodCallFactory.create(MethodDeclarat ions.putkeyValMethodLocal,

new Object[J{tx, fqn, key, value, Boolean.TRUE});
return  invokeMethod(m);

Figure 2.3: MethodreeCache.put

The left-hand sides of Figs. 2.1a and 2.1b reprint the illustrations of calysia of JBoss Cache
version 1.2 [5-BNSV 06a], while the right-hand sides show the corresponding illustration€fsion
1.4. These clearly suggest extensive crosscutting with respect todlemnsidered functionalities for
both versions.

This conjecture is con rmed by a detailed analysis of the code. Figuren®.2.8 show two key
methods that are part of the replication code in classCache : the former shows part of the creation
protocol of the replication service, the second one of the central megowesning replication when
a data element is put in the cache. Both methods also include transactiod-celdée This is the case
although JBoss Code has been restructured between the old and sew verparticular, to achieve
better modularization of these crosscutting concerns: the latest versioddaca new interceptor
speci cally introduced for transaction-related behavior. This interaeistbighlighted by the boxed
column in the illustration concerning thrgerceptors package in the right-hand side of Fig. 2.1b.
Note that crosscutting of distribution-related code and transaction-retatéslis present as well in
this new interceptor as in the remaining classes (albeit, for the transactioeropto a lesser degree
than for JBoss Cache version 1.2).
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all aspect CollaborativeCachePolicy {

pointcut  getCache(Cache c, String key):
call (* Cache.get(String)) && host (cacheGroup)
&& target (c) && args (key);

pointcut  replPolicy(Cache c):
replP:  seq(s0: initCache(c) -> s1
sl: getCache(c, k1) -> s2,

s2: putCache(c, k2, val) && eq(kl, k2) -> sl);
around (Cache c, String key): step (replP, sl) &&  args (c, key) {

Object obj = c.get(key);
if (obj == null ) {

obj = proceed ();

if (obj '= null ) { c.put(key, obj); cacheMisses++; }
}
updateSummaries();

return  obj;

Figure 2.4: Aspect-based cooperative cache (excerpt from [S\BN6a])

Since the replication code is tangled with transaction code at the differg@stait¢he replication
protocol — such as cache initialization, getting and storing information — the lacgation of the
two concerns has to take into account their respective protocols andtda@é reasonably done by
manipulation of single steps. Figure 2.4 presents, for example, an exafespt extension to the
JBoss Cache replication strategy by a collaborative cache strategy test ide ned in terms of the
(repeated) sequence of the three events mentioned above (see thetmmiritmes 7— 10).

There is a large number of other crosscutting concerns which require-tiased relationships.
Two other noteworthy domains where such relationships have been iratestig- albeit only in se-
quential contexts and without considering the pertinence of aspectdimer— are system-level
communication protocols and business rules. Communication protocols, subBR frequently
crosscut the code of networking applications, such as web caché®ngke Internet [5-DFL05].

If such protocols are to be modi ed, a coordinated modi cation to the belmasiccome or all of
constituting steps must be implemented. Business rules crosscut applicagber®rprise informa-
tion systems [CD06, 6-DS03]. The corresponding crosscutting costgpically require to set some
initial state, to record information at different execution events, and tty apmodi cation at a later
event. In the case of billing functionality, for example, these execution poortgprise product se-
lections by clients, points at which discounts become applicable and the guénttive client checks
out its purchases [6-DS03].

To conclude this investigation, note that these examples provide conciddee for the two gen-
eral issues of crosscutting relevant for our work. First, complexscrdting concerns in large-scale
applications need protocols to be captured in order to enable their condikgaripation. Second, as
we have shown for replicated caching, appropriate means for modtienizae all the more impor-
tant because extant crosscutting cannot be fully remedied using tratlitiechanisms even through
extensive refactoring of the crosscutting code.
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2.2 Ataxonomy of advanced aspect language features

We now turn to the second fundamental contribution of AOSD: new langleagé constructs for
the modularization of crosscutting concerns. These constructs areltyitrtactured in terms of
aspect languages that consist of a number of sublanguages. Thésagsiages include pointcut and
advice languages, the best-known abstraction mechanisms of aspeetdansgbut also sublanguages
governing other aspect relationships, such as aspect compositionsaactistion of aspects. Most
aspect languages only provide support for few such relationshighexnting support frequently is
limited. The EAOP model, however, has been developed as a comprehéasiework to explore
diverse relationships among aspects and between aspects and bizstiapg

In this section, we rst present a taxonomy of advanced languagerésafar aspect languages
as a basis for comparison of aspect languages. We illustrate the taxoryouginl it to classify
selected existing aspect languages and systems. This taxonomy also alkoveimmarize the main
characteristics of the Aspectd model of AOP, which is the de-facto stmdadel of AOP, and to
motivate why our EAOP model addresses some drawbacks of the atomit asyel.

A comparison of aspect languages and models should be based on targexismprehensive
and largely accepted taxonomy, metamodel or other classi cation suppowevér, in the case of
aspects there is no such support. Currently all published work thatéswucetthis issue address it only
in a very partial manner. Masuhara and Kiczales [MKO3Db], e.g., proardabstract framework for
the de nition of pointcuts and advice in terms of general domains and furctielating them; their
approach, however, provides only very coarse-grained meansnpacte AOP models. Hanenberg et
al. [SHUO06] provide means for the abstract de nition and comparisoriffefrdnt pointcut languages
but do not consider other features of aspects.

In contrast, we have chosen to built on an on-going effort to constrictmprehensive meta-
model for AOP that is pursued as part of AOSD-Europe, the Europeswork of Excellence in
AOSD [AOS]. An initial version of this model has been released in Felgr2@®6 [BMN* 06]. More
precisely, we augment and re ne a taxonomy of aspect language deatuat is part of that meta-
model in order to provide better support for a ne-grained classi catbadvanced aspect models.
We focus on the precise characterization of languages for the de nifipoiatcuts, advice and as-
pect compositions, in particular concerning the level of expressigehey provide. To this end, we
provide ner categorizations for the pointcut and advice sublanguaige introduce four advanced
features, in particular aspect composition mechanisms, in the taxonomy.

Our taxonomy is shown in Table 2.1: it consists of six main features each ingpof up to three
levels of subcategories (here categories are set in sans serif fgnPntcut)). In the following we
illustrate and discuss the main categories of the taxonomy in some more detail.

Pointcuts

There exists a large variety of pointcut languages that differ from anthar mainly with respect to
three different characteristics:

2 The level of expressiveness of the pointcut language (represkeyteategoryExpressiveness
in Table 2.1), in particular whether it provides mechanisms to explicitly dentagamships
between join points.

2 The underlying programming paradigm: object-oriented languages, fanices, partially re-
quire other abstractions than logic languages (categamdigm).
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Pointcut . —Expressiveness:
— Atomic
— History: Finite-state, Vpa, Context-free, Turing-complete
— Paradigm: Object-oriented, Functional, Logic
— Generality: General-purpose, Domain-speci ¢
Advice : Same as for featurointcut
Composition : —Type:
— Implicit: Non-deterministic, Deterministic, Unde ned
— Explicit
— Mechanism:
— Precedence: Partial, Total
— Operator
— Program
— Object: Aspect, Advice
— Scope: All, Stateful — Expressiveness: Finite-state, Turing-complete

State . General, Restricted
Instantiation : Machine, Class, Object, C ow , Binding
Activation  : Init, Arbitrary

Table 2.1: Summary of taxonomy of aspect language features

2 Pointcut languages may be designed as general-purpose languagespperting the expres-
sion of arbitrary aspects, or domain-speci c ones (cate@anyerality).

In this text we mostly abstract from the rst issue by considering pointcypsessed over calls,
which may equally well denote object-oriented method calls, functional or etigerfunction calls,
and component-based service calls. However, we touch on this issuedarttext of the design of
pointcut languages for the C language. We also consider severabypnepose as well as domain-
speci ¢ pointcut languages, in particular for distributed programming.

We focus on an investigation of pointcut languages of different esju&sessExpressiveness).
With respect to this criterion, pointcut languages, or better constructsiofcpit languages, can be
classi ed asAtomic or History-based. An atomic pointcut construct can be de ned solely in terms of
an individual execution event, while history-based ones must be ddneelating different execution
events occurring over time. Note that languages that essentially rely on atonstructs must have
recourse to means external to the pointcut language in order to expdstesnporal relationships.
This is further discussed in Sec. 2.3.

Many different approaches have been put forward to de ne hidbased execution events, to
cite just some examples, logic languages [DD99, BMDO02], automata-bagedaaehes [5-DFS02b,
SVJ03], and grammar-based approaches [WV04]. Adaptive progimag [LLO4] provides history-
based pointcuts that are de ned using predicates of different esigeggss on the class graph of an
object-oriented base application.

These approaches can be classi ed with respect to the level of ekgrasss they provide, e.g.,
with respect to the Chomsky hierarchy or other complexity classes (seerhesb et al. [LPS05] for
an example of the latter). Such a classi cation is useful because it iderkegsstructures that are
expressible and that are not: pointcut languages of at least corgexéxpressiveness, for instance,
can employ well-balanced structures of execution events, while nite-stetedopointcut languages
can not. The classi cation also provides an indication which kind of forreakoning the pointcut
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language can be subjected to. Approaches based on regular lasgioagestance, may allow model
checking techniques to be applied to analyze properties, such as sspeattion properties, which
is not possible for turing complete pointcut languages. One of the main gadéils thesis is to make
a case for the usefulness of history-based pointcut languagesropttee full-range of expressive-
ness levels, in particular, in order to improve understandability of complegrams by augmenting
conciseness and declarativeness of aspects.

Advice

From a language-design viewpoint advice shares the essential temestacs of pointcuts. The advice
language may be restricted to constructs of a certain level of expresgivityte-state based advice
language is useful, for instance, in the context of the manipulation of nregtdéocols in order to

preserve opportunities for reasoning about the resulting AO prograing model checking. The
advice language may also contain constructs speci ¢ to the underlyinggmoging paradigm, as
e.g., advice for an object-oriented language that allows the manipulationaot afghe inheritance

hierarchy that is relevant to a class. Finally, advice may be construcied general-purpose or
domain-speci ¢ instructions. Instructions speci c to the domain of secufidtyexample, might only

allow to abort program execution in the presence of a security violation.

Aspect composition

Composition of aspects is one of the most fundamental relationship betwagertsgsespecially be-
cause different aspects may interact. Interacting aspects should l@tlgxpomposed in order to
resolve interactions unambiguously. Depending on how ne-grainett@oon composition is pro-
vided, we distinguish three different cases.

Most fundamentally, aspect composition may be implicit, or explicitly de ned onldhguage
level (categorylype). In most aspect systems composition is (at least partially) implicit. Composition
properties may, for instance, not be expressible at the language teattloait determined by the
order in which aspects are applied to the weaver. In this case, the senudratsgggect compositions
may be unde ned (i.e., solely determined by an essentially unknown weavégriteptation), non-
deterministic or equivalent to some deterministic composition scheme. In Asfmdtdstance, the
composition of aspects is unde ned if no precedences are declared ffevoncrete weavers often
implement a deterministic compaosition by, e.g., ordering aspect compositionslaccto the order
of occurrence in the source code). Aspect composition may, howswexxplicitly speci ed on the
language level, in particular, using explicit precedence speci cationsae general speci cation
mechanisms.

Second, aspect compositions can be classi ed according to the mechdh&rase available for
their de nition. The most wide-spread means for explicit control of aspemposition, in particular
for the resolution of interactions, is the de nition of precedence or pricityemes (categoBrece-
dence). These schemes allow the de nition of partial or total orderings on dsgkat have to be
respected by the weaver when applying aspects to a base applicatioratasased approaches
(categoryOperator) allow aspects to be composed explicitly using aspect composition operators.
Such approaches are more general than precedence-based schégngave de ned, for instance,
several instances of our EAOP model that provide such operatamstpieg reordering of aspects
or deactivation of aspects in case of interactions (e.g., composition oggefatoregular aspects,
see [5-DFS02b]). Finally, aspects may be composed using generabsibimip programs (category
Program). The JAsCo aspect system, for example, provides the notion of haokasition to this
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end [SVJO3].

Furthermore, all aspect composition mechanisms may compose entire aspbetsestricted
to advice composition (catego@bject). Composition mechanisms also differ with respect to how
the scope can be de ned during which aspect composition takes effatetgoryScope). Aspect
compositions may be de ned invariably for all of the execution of an AO paogor de ned in a
stateful manner that allows aspects to be combined differently over antexedepending on the
current runtime state. Finally, approaches to stateful composition may biffepédt expressiveness
(categoryExpressiveness): there are, for example, turing-complete ones, e.g., JAsCo's compasition
mechanisms, and approaches of more limited expressiveness, as, eapertter-based approach to
aspect composition we have proposed.

Aspect-speci ¢ state

Aspects may incorporate local state which can be manipulated and used aéthea other aspect
abstractions, mainly pointcut and advice. This state may be gei@nadial), that is, de ned using
the same mechanisms as state of the underlying base applications. In Afprertstance, local
aspect state comes in form of elds that can be manipulated using all avallatdemechanisms.
Local state may also come in more limited fornRegtricted), e.g., nite-state automata used to
impose restrictions on the matching of pointcuts and application of advice.

Aspect instantiation

Aspect instantiation denotes mechanisms for the creation of new aspeontasta: including alloca-
tion and initialization of fresh copies of the aspect state — depending on therences of execution
events of the base application or aspects themselves. Aspect instandes tieato a large set of dif-
ferent execution events: creation of virtual machines in which aspexexacutedNachine), events
belonging to classe€£(ass), creation of individual object instance3i{ject), matching of AspectJ-like
¢ ow constructors € ow ), or bindings of variables in a sequence point®itding). While most as-
pect languages do not provide more general instantiation mechanismsdbamtbvided by AspectJ
(which essentially consists of mechanisms of tyldeshine, Class, andC ow ), aspects may support
very general instantiation models, such as our initial Java-based EA@Rtiation [6-DS03, 9-DS02]
that supports arbitrary re ection-style aspect instantiation of @pject.

Aspect activation

Aspects may be activated only during some periods of the program execltiig for instance, often
reasonable, to apply an aspect only after some initialization has been taker{nit). Alternatively,
activation conditions for aspects may be speci ed using arbitrary pregdiclote that this is related
to but not the same as aspect composition and aspect instantiation. Furheaspect activation can
frequently be expressed simply by speci ¢ predicates to be used in pointieatss, without having
recourse to a full- edged language for activation.

2.3 The atomic aspect model

We now turn to the currently predominant model of AOP, whose main repiase is AspectJ. We
call this model atomic because of its main characteristics, atomic pointcut leegirathe sense of
the taxonomy above.
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The atomic aspect model is important for our investigation because it peogide facto, very
well known standard set of abstractions that has to be adopted with atnmimastvariations by a large
number of aspect-oriented systems besides AspectJ. Such systems &sgadelanguages, such as
AspectC++ [SGSPO02], for other base languages, but also framsv@rROP, i.e., without dedicated
language support for aspects, such as frameworks for distributegaents like JBoss AOP [JBoa]
and Spring AOP [Spr]. Moreover, a large number of scienti ¢ investigetiof crosscutting concerns,
for instance Coady's work on concerns in operating systems usingciGdEKFS01], has been
conducted on the basis of an atomic aspect model. A direct consequietinig gredominance of
the atomic aspect model is that many users of AO technology (including sae@isis) do not
know about or seriously consider more expressive aspect modeldyijuts characteristics and
de ciencies is therefore an important element of motivation for our apgroa

2.3.1 Characteristics

Atomicity of pointcuts has implications on the remaining features of the aspectlmbtest im-
portantly, the limited facilities for the directly expression of relationships batvex@cution points
on the pointcut level have to be offset by other means to record ocoesef events that in uence
matching of later events. This is typically achieved by manipulating aspect-ahtstate using ad-
vice. Moreover, atomic pointcuts impede the precise but exible de nitionaf/tho compose aspects:
mainstream aspect languages therefore only provide very limited sdppaspect composition. We
now consider these characteristics in detail.

Atomic pointcuts

Aspect languages for object-oriented base languages typically contah aet of basic pointcut
constructors and a small set of operators over pointcuts, in particudaral@perators. Basic pointcut
constructors typically belong to the following four categories:

2 Calls and elds: Such constructors match calls, related execution events (such as oltjakt in
izations and exception handlers), as well as eld set and get operations

2 Class: constructors matching on the static structure of classes or manipulating tleepbge
modifying the class hierarchy or by introducing new interfaces and ckalsis).

2 Control ow: constructors allowing execution events to be matched that occur froneia ca
to the corresponding return or a subregion thereof.

2 General predicateconstructors that allow to make depend pointcuts on general conditions.

AspectJ includes such a set of basic pointcut constructors: matchimdjotan distinguish between
caller and callee sides by respectively usingdéle andexecution constructors, calls may be re-
stricted to occur within methods statically de ned within a class, “intertype datitars” allow to
introduce new elds in class de nitions or to modify the class hierarchytmnow based matching
may exclude the originating caltflowbelow ), and theif -constructor allows arbitrary Java predi-
cates to be used in pointcuts.

Two of the four constructor categories — calls/ elds constructors amtrob ow constructors —
designate execution events. The other two categories can be intergeredizates de ning static or,
in the case of thé -constructor, dynamic scopes. (We do not consider intertype declasakiecause
their modi cations of the static structure of a program are not relevanthlirary base paradigms.)
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All call and eld constructors denote individual events, i.e., they are atgmiatcut constructors.
Control ow constructors are non-atomic— in fact, the only non-atomic troe$ors in Aspect] — in
that they relate all execution events between a call event and the cord#sg return event. However,
all of these pointcut constructors provide only very limited means to conginictcuts that match
subsequences of the execution history.

Furthermore, the few operators that can be commonly applied to pointagssigns do not im-
prove on this state-of-affairs. For instance, logical operations ortqdbuilt using atomic pointcut
do not allow to express non-atomic relationships.

Aspect-speci ¢ state

In order to offset this lack of expressiveness, a general notiotatg and corresponding manipulation
mechanisms are typically used. Three kinds of mechanism are common. §jrsttamay de ne
internal state that can be used to record information about previoustexeevents and used to
restrict the matching of or provide additional information for later events.efi-known example of
the latter are memoization aspects. Second, aspects may access state ¢ tgptiaation and, in
most systems, also modify it. This can often be done implicitly through some espiadion of the
state at the execution point a pointcut matches; in AspectJ, for instanaeelgctive access using the
thisJoinPoint variable. Third, the state of the base program can often be manipulatepstaiic
mechanisms, most notably, by using aspects to add state variables to cfabedsase application.

Turing-complete advice

In order to manipulate advice-internal state and the state of the base applieapowerful advice
language is necessary. Commonly, advice is implemented using a turing-cotapligtege that
frequently results from enriching the base language by a small set ettasjpeci ¢ mechanisms.
In AspectJ, for instance, the advice-speci ¢ pseudo-metroceed is used to call matched base
functionality and thehisJoinPoint mechanism for re ective access to contextual information.

Limited composition mechanisms

The atomic aspect model provides only very limited means to handle the compadiispects. In
terms of the taxonomy summarized in Fig. 2.1, aspect composition is typically left imghiat is,
not explicitly controlled on the language level or governed using explieitgaence speci cations.
AspectJ provides another mechanism that belongs to the category ofuprogtic composition fea-
tures: pointcuts may test whether an execution event occurs in the scapeadvice that is de ned
in other aspects by means of th@viceexecution ~ constructor.

None of these three mechanisms comes close to a general notion of ojpasdror program-
matic aspect composition. De ning compaosition implicitly yields at best dif cult-toderstand com-
position semantics, prioritization often is too in exible, and the available progratic means in
AspectJ are too ne-grained. Note that all of these problems are (at pe@Bally) grounded in
the lack of expressive means to de ne pointcuts relating execution pointsicingpmposition and
precedence speci cations do not take into account individual exetsti@tes but compose aspects
uniformly over the entire execution of an application; to the contrary, rerged advice execution
control does not provide declarative control over sequencesecixion events.
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2.3.2 Drawbacks

Because of these characteristics the atomic aspect model is subject to twtaimhpooblems. First,

crosscutting concerns that can only be modularized in terms of traces ekdoation history can

be described only cumbersomely. Second, the correctness of ACapisgleveloped in this style is
often very dif cult to judge and almost always impossible to ascertain formaiiythis section, we

brie y review these two problems.

Lack of conciseness of aspect de nitions

As motivated in Sec. 2.1 many crosscutting concerns require differemtswccurring during an
execution trace to be accounted for in order to modularize them. Suchrosre@nnot be concisely
modularized using atomic aspect languages because of a lack of stif/oiipressive mechanisms
in the pointcut language. Hence, these concerns can be implemented ontgadlyng down the
dependencies into atomic pointcuts. In particular, it is very frequently e&giple to use control- ow
pointcut constructors, because the calls corresponding to later reéseution events are not nested
in the control ow of the previous ones. Concretely, the corresponidimementations of trace-based
crosscutting relationships are therefore structured in three parts usmgcaspect languages:

2 An atomic pointcut de nition is de ned for each relevant execution point.

2 A suitable state is set up that allows to record all information of previousuéixecpoints that
are required at later points. This concern-speci ¢ state commonly invaledicated aspect-
internal state but frequently reuses state already part of the baseatipplic

2 Each pointcut de nition triggers advice that updates the concern-spstate and applies the
necessary modi cations to the base application.

The resulting implementations are characterized by a large number of separamplicitly re-
lated pointcut and advice de nitions. Frequently, the pointcuts and adinoglae higher-level ab-
stractions, such as nite-state automata, that could be used to expres®xipéoitly using more
expressive aspect systems. Both issues obviously lead to AO prograintescthconcision and there-
fore are dif cult to understand.

Program correctness

AOP generally poses a hard correctness problem because tradidgasahing mechanisms that have
been developed for non-crosscutting programming structures arpplatable to AO programs. Tra-
ditional reasoning mechanisms rely, in fact, on composition and encapsyatiparties that do not
hold for modi cations on an application induced by aspects. Consequémfibymal justi cation of
the correctness of AO programs as well as their formal, possibly automalitatton and veri cation
remains a mostly open issue. While we consider the general problem lateapteC13, it is impor-
tant for the present discussion to note that the atomic aspect modelleatesathe aspect correctness
problem to a large extent.

The most obvious handle to express and ensure properties aboadudtivgy concerns are prop-
erties of pointcuts. However, the limited expressiveness of pointcuts irdheaaspect model only
allows very simple and coarse-grained properties to be captured thig&wayable example address-
ing properties on the execution of AO programs is the work by Kiczales asmi[KMO05], which
permits to determine coarse-grained upper bounds on which parts oé applécation are affected
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by aspects and to ensure certain control ow properties. Such giepevould, however, be of lim-
ited use in case of the trace-based relationships discussed aboveorfl sextable group of work
investigates the effects of intertype declarations in AspectJ-like langudgiése et al. [HNBAOE],
for instance, present an algorithm that can be used to detect ambigemasations, i.e., that result in
non-deterministic aspect weaving.

Another problem for the evaluation of the correctness of atomic AO pragjisithe use of aspect-
speci ¢ state and turing-complete advice languages to handle that staiteallyasspect-internal state
constitutes a global state with respect to advice and application-level staniglebal with respect
to different aspects. This means that the formulation of correctnesentiesy their analysis and
veri cation is subject to all problems arising from globally shared state tteableady present in the
base paradigm in addition to the correctness issues originating from thet-ag®@ci ¢ abstractions.

Finally, the atomic aspect model also impedes expression and veri caticopégies because of
its limited means for aspect composition. This is particularly problematic becaakedst entirely
inhibits reasoning about interactions of aspects. Consequently, tleeoalgrvery few approaches to
tackle this very important problem and the corresponding results are ltypreay imprecise. Fur-
thermore, most aspect programmers currently only use very coasedrtechniques to identify
interactions that are often provided on the level of development envinoismehe Aspectd Eclipse
plugin, for example, marks different advice that may match the same method call.

2.4 Event-based AOP: beyond atomic pointcuts

We are now ready to introduce a general aspect model, the model of-Based Aspect-Oriented
Programming (EAOP)that Remi Douence and me have started developing in 2000 in order to address
the issues of the atomic model introduced above.
2.4.1 Characteristics
The EAOP model has been developed as an aspect model having therfgltoain characteristics:

2 Language support for expressive aspects

2 Language support for explicit aspect composition

2 Support for reasoning about properties of AO programs

2 |ntegration with mainstream base languages

2 Reasonably ef cient implementation

The rst three directly address the drawbacks of the atomic aspect nuigteissed in the previ-
ous section. The fourth is motivated by the observation that many apg®émhexpressive aspect
languages are based on other programming paradigms, such as logiagasgisuch approaches,
while providing rich facilities to express relationships, cannot simply be usgtdobject-oriented
and imperative languages. The last is useful because some interegtingsxe aspect languages are
inherently dif cult to implement ef ciently, e.g., Masuhara et al's data- owintcuts [MK03a].

4Note that, strictly speaking, EAOP is a metamodel in the sense that it de setfigeneral characteristics that we have
then instantiated by different concrete aspect languages. Since¢hermads to the EAOP metamodel and the instantiations
cannot give rise to confusion in the present text, we refer to EAOP siagpdn “aspect model”.
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Non-atomic pointcuts

The main motivation for our work has been the need for aspect langadgesng to represent rela-
tionships between execution events of an application. Many differemtaiiems and programming
paradigms may serve as a basis for such an endeavor, for instansedogdicas Prolog and temporal
logics, functional calculi, grammars and automata. Today, most of theseeahes have been and are
under active investigation but, when we started our work in 1999 on whdater called the EAOP
model, only the AspectJ model was known.

After a rst approach de ning pointcuts in a functional setting [5-DM&(1we have decided to
focus on pointcut languages that are based on different forrasitomata in particular, nite-state
automata, counter automata, and visibly pushdown automata (VPA) [AM04].

This choice is justi ed by four different advisements. First, the most basid (practically rel-
evant) relationship between execution events that extends the atomic paoiotdet (including con-
trol ow-relationships) are pointcuts over sequences of events: tfugaea natural special case of
automata-based pointcut languages. Second, automata-based pointstliyshane quiteintuitive
interpretations(e.g., nite-state automata as regular expressions and regular gramnfgkshased
structures in terms of well-balanced contexts) and the resulting pointcuessipns therefore are
easily understandable. Third, many automata-based pointcut languagex drovide for turing-
complete relationships: they thus enable specialized, effective and]lpagfigient formal methods
to be used to reason over pointcut expressions. Fourth, the runtime ngatétantomata-based ex-
pressions is supported by a large body of work treating their optimized imptatian

Explicit support for aspect composition

Our work has been guided by the desire to provide powerful and exitdans for aspect composition
on the language level, in particular improving on the drawbacks of the atoqmpécisiodel in this
respect. Concretely, we have strived to meet the three following chastice First, aspect compo-
sition should beexplicit the model should support composition speci cations over aspects as &ntitie
of their own. Second, aspect composition shouldtagefu) that is, exibly composable in terms of
the runtime state of an AO application, in particular, the states of pointcut &sipres. Stateful as-
pect composition subsumes support for the composition mechanisms of atpedtsa@n particular,
precedence schemes, Aspectidlgiceexecution ) but also includes operators that compose aspects
differently over different parts of the execution of an AO program. dhive are interested in inves-
tigating composition of aspects, aka. aspects of aspects: the need to thenelfiects of aspects on
other aspects rapidly arises if aspects are used as a general meaosstoucting applications.

Support for reasoning about aspects

The key characteristic that differentiates EAOP from atomic aspect mauttsatomic pointcuts,
is instrumental to informally establish properties of aspects and next to imdigple in order to
establish them formally. Important properties of aspects that should bessgd by a model for
AOSD include interaction properties of non-independent aspectatness properties of speci c
aspects and optimization properties enabling the ef cient implementation of Agrams.

Limiting the expressiveness of pointcut expressions allows programmemas$p the meaning
of aspect de nitions much easier. Furthermore, de ning applicationsguspecialized well-known
classes of languages is a well-known means to support better undargtahgrograms by develop-
ers and users: nite-state machines, for instance, have been usedyrapalitation domains to this
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end. Limited expressiveness also much augments the opportunities fot fordyan particular auto-
mated reasoning about properties, compared to the atomic pointcut modglstfirstures based on
nite-state automata or visibly pushdown automata allow standard operatigisas product opera-
tions, to be used for the analysis of aspect programs. Furthermordylsitastractions can be used
to automatize formal veri cation tasks ef ciently, for instance, through tise of model checking
techniques.

Integration with mainstream languages

Relationships between execution events relevant for aspects can beerpdidé using fundamen-
tally different formalisms and supporting techniques. As indicated befiffiereht logics, calculi,
grammar-based approaches, etc., have been proposed to this end. BYinether an aspect system
can be integrated smoothly with an underlying base programming paradigendtehowever, on
the combination of aspect language and base paradigm at hand: thatiotegf general logic pro-
gramming languages and object-oriented runtime systems, for instance, is atithae open research
issue.

To the contrary, the automata-based aspect structures we have be&nhwoaked on are par-
ticularly well-suited for several reasons for the integration of aspegulages with object-oriented
and imperative base applications. First, implementations of automata in form afidédrand OO
frameworks can be used to implement automata-based aspect systems, gpetied syntax exten-
sions are not necessarily needed. Second, modi cations to the bassatpp may in general have
repercussions on the state that governs the matching of pointcuts. In satoased approaches
such modi cations can be readily expressed in terms of modi cations to autostates. Finally,
automata-based approaches are also appealing from a pragmatic pdew dfecause of the many
existing software implementation of the base operations, model checkerghatcan be reused in
an AO context.

Reasonably ef cient implementation

AOSD is a relatively recent research domain and, as such, ef ciehopglementations has mostly
been an issue of minor importance. While this general consideration is sti#lat@o some extent,
ef ciency is important and sometimes crucial to various of its applications. Midare and systems
software, in particular, constitute two large application domains of this kired[g&s€JS06] for a more
detailed discussion).

In a model with non-atomic pointcuts, the complexity of the pointcut languagésaingplementa-
tion is of foremost importance as far as ef ciency of implementation is comeerRointcut languages
may easily include features which by principle can not be implemented withrreblsoef ciency, for
instance, if the pointcut language relies on full- edged logical inferesrcgeneral data ow relation-
ships (as, e.g., in Masuhara et al's approach [MK03a]). Automateebaspect structures are very
attractive in this respect because their overhead (i) is determined by m@lirklanguage properties,
(ii) can be kept small to very small with reasonable effort, and (iii) can tyjyite evaluated well by
programmers.

Besides the pointcut language, advice may also cause AO-speci caaeridne issue is whether
advice may generate new execution events that are subject to weavinig:dagh, repeated execution
of event generation by advice followed by pointcut matching and reapiplicaf advice may result
in resource-intensive weaving. Most aspect models do not suppchitgeneral weaving strategies,
which are akin to powerful intercession mechanisms in systems using compatagcection. As-
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pectJ, for instance, is designed to allow weaving through compile-time caugfdrenation, which
simpli es the task of keeping weaving ef cient. The EAOP model has begst generic enough
to allow the investigation of such alternative weaving strategies (We will corok toethe issue of
visibility of advice to weaving and corresponding weaving strategies in €h&8p.

Finally, the remaining features of aspect models introduced in Sec. 2.3.ih alsnce ef ciency.
Aspect instantiation, in particular, may be problematic if aspect instancdseagenerated at runtime.
Per object instances of aspects that are instantiated at runtime, for mstacier a non-negligible
overhead. Furthermore, manipulation of aspect-speci c state may be,dosilystance, if such state
may be shared in a distributed environment. The composition of aspects ocaraake execution
overhead, especially if it is performed at runtime. Once again, in cortrasbre restricted models,
the genericity of the EAOP model allows exploration of these issues asnpeds@ the following
chapters.

2.5 Conclusion and perspectives

The main motivation of our work on expressive aspect models has beabsleevation that many
interesting crosscutting concerns can be de ned only in terms of completioreship between exe-
cution events and cannot be modularized well using atomic aspect systantssystems fall short
to provide concise aspect de nitions and the correctness of aspautstdae formally established.
The EAOP model allows to tackle these shortcomings by making explicit su@ndepcies, yield-
ing better structured and formally de ned aspect languages that areaeeo manual or automatic
property veri cation.

Perspectives. The results reported on in this section pave the way to address a numbigreof o
important open problems.

Stateful pointcut and aspect languages are a tool of much wider apfiticéitan explored by
us. Our notion of regular stateful aspects has been integrated by thed®8@p at Vrije Universiteit
Brussel into the aspect system JAsCo [VSCDF05] and applied, amoaig dthbusiness rules and web
services. In a subsequent cooperation, we have applied statefataspr web services to distributed
web service compositions [5-BNSVVO06].

We have underlined the facilities for aspect composition provided by theFE#ADOdel. How-
ever, composition properties of aspects are not limited to the compositiorstrection of aspects
or composition of aspects with one another but also raise the question ofohioegrate aspects
with existing composition mechanisms, such as software components and mddubtsresearch is
currently under way on this issue. We come back to the perspectivesepprby our work in Sec. 6.



Chapter 3

Foundations of AOP

We now turn to the fundamental problem of how AOP can be given a rigoimundation. While
semantics of programming languages as well as analysis, veri cation dotement of their prop-
erties is a well-established eld in the domain of traditional programming paradig@® requires
new formalisms and techniques to be developed for the rigorous treatmerasstutting relation-
ships. Work on the formal treatment of AO programs has only started anthefehe nineties and
therefore still is rather immature, essentially applying existing formalisms to grep®f AO lan-
guages. Concretely, this work focuses on formalisms and techniquesd@)rie the semantics of
AO programs and (ii) to determine properties of aspects and supportenfent of properties over
aspects.

To cite a few examples, this exploration of existing formal frameworks ford#haition of the
semantics of aspect languages has led to the development of diffeeatiopal semantics AmO02,
5-DFS02b], denotational semantics [WKDO04] and process calculi(AnBJJR04] for aspects. Fur-
thermore, a variety of properties of AO programs have been investigaigd,safety properties of
aspects [DWO06], yielding in particular different classi cations of agpegith respect to their se-
mantic effects on the base program [Kat06]. Finally, the automatic analypi®pérties using, for
instance, static analysis techniques [DWO06] and model checking [K2E3)éen considered.

In this chapter we present our work on the formal semantics and sUippproperties of so-called
stateful aspects term we have introduced in [5-DFS02b] to designate languages wiihiesppport
for aspects de ned in terms of the execution history of an AO programis(femm has been taken
over by other researchers since then, see, e.g., [VSCDFO05, ViI&jgretely, the results presented
here address three different categories of problems:

2 Semantics of aspect languag¥®¥e brie y motivate and describe two different semantic frame-
works — a functional and an operational one — we have developecdtasfdime rst semantics
for AOP.

2 Properties of aspectsWe present static analysis techniques we have developed for two of
the most fundamental properties of AO programs: interaction among aspetthe correct
application of aspects to base programs.

2 Aspect compositionWe also detail means for the rigorous treatment of aspect composition
issues, in particular based on stateful aspect composition operators.

We concentrate here on mechanisms for the semantics of aspects thattdlstnaspeci ¢ aspect
languages and speci c uses of aspects. As an example of semantigeficsaspect languages,

29
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two formal transformational semantics of aspects for C programs aresdiextin Sec. 4.2.2. We do,
however, not present our work on the formalization of aspects aretaggaving through program
transformation [7-FS98, 7-FS99] that Pascal Fradet and me hatedstath and also do not present
the work using the temporal logic CTL for the formalization of pointcuts in ternsets of paths over

the control ow graph of C-programs [BLS* 03].

The work presented in this chapter has been done in the context oedifiesllaborations. Most
of the work on the semantics for and properties of stateful aspects basibae with my colleague
Rémi Douence and Pascal Fradet from INRIA. The recent work oA-W&sed aspects has been
started as part of Ha Nguyen's PhD thesis that | am currently supeagvisin

The remainder of this chapter is structured as follows. Section 3.1 prebegaglifferent seman-
tics for stateful aspects of different expressiveness by extendagritiorm description framework
we have introduced in [1-DFS04b]. In Section 3.2, we consider howdati®n properties and ap-
plicability conditions of AO programs can be de ned and analyzed usingfatatspects. A formal
approach to aspect composition is set forth in Section 3.3.

3.1 Formal semantics for stateful aspects

The core of our work on formal semantics for aspect languages leasmetivated by two key obser-
vations. First, the absence of any formal foundation for aspect lgeguahen we started our studies
in this domain in 1997. Second, most aspect languages — and hencsponwaang formal frame-
works — have been instances of the atomic aspect model as introducedpiretieus chapter. The
resulting poor representation of the semantic relationships that govexatasias set off our quest for
more expressive semantic frameworks that make explicit such relationstgpdeast support their
analysis.

Our response to this challenge consisted in a series of different bitdslemantic frameworks for
the formalization of aspects de ned over the history (that is, traces) ahtbeution of AO programs.
Furthermore, the expressiveness of the aspect languages ofrémassvbrks has been chosen so that
properties over aspects can be formally established.

3.1.1 Presentation framework

We rst turn to the problem to giving precise semantics to aspect languég#ee following, we give
a unifying presentation of three semantic frameworks for stateful aspedtave developed:

2 Aspects whose pointcuts are de ned using a functional calculus [5-TS7-DMS01b].
2 Finite-state based, i.e. regular, aspects [5-DFS02b, 9-DFS02aS$Sb4ak:
2 Visibly pushdown automata (VPA) based aspects [NS06].

These three approaches cover a large part of the aspect langesige dpace. First, the three as-
pect languages are of different expressiveness ranging froneldtésely limited regular aspects, via
VPA-based aspects that allow a form of well-balanced contexts to bessgut and manipulated, to
the turing-complete pointcuts de ned using a functional calculus. Sedbeg, have been de ned
using different semantic frameworks: an equational theory in the casspafcts with functional
pointcuts, regular aspects and VPA-based aspects by means of a smalbestational semantics, the
latter of which de ned after a translation into plain VPAs. Third, the three laggs admit different
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techniques to be used for property veri cation: equational reasoringtfunctional pointcuts, static
analysis in the case of regular and VPA-based aspects.

The main characteristics of these language can concisely be presestetidrathe following
general de nition for stateful languages (which is a slight extensionatfdle ned in [1-DFS04b]):

A = PBIjP ; basic aspect
i ALA ; sequence
i Ae Ay ; choice 3.1
i HaA ; recursive de nition
j a ; recursive call

This grammar allows the de nition of aspedsthat are constructed from basic aspects using three
aspect composition operators: sequencing *; ', choice and repetition f1a:::a'. Basic aspects
de ne pointcutsP that may trigger inserts, that is advidegempty inserts may be omitted.

The generality of the terms admitted by this grammar, in particular compared to iteestate
aspects considered later, results from recursive calls can occibitaagy places in terms. The cor-
responding class of languages accommodates a high degree of variapi(ijydifferent concrete
de nitions for pointcuts and advice (e.g., to introduce composition operatotise advice sublan-
guagel), (ii) different semantics for the basic operations (e.g., deterministic va-deterministic
choice) and (iii) structural restrictions (e.g., restricting recursive d®ns to tail recursions).

In the following, this formal framework is extended compared to the presentia [1-DFS04b]
in two respects. First, we show how to include means for aspects baseily pushdown automata
besides turing-complete and regular aspects. Second, we accommofgaentiihechanisms for the
composition of aspects on the pointcut and advice level.

3.1.2 Aspects with functional pointcuts

One of the reasons of the popularity of atomic aspect models, such astAsgiems from the fact that
they typically allow to easily de ne arbitrary pointcuts. As discussed in theiptes chapter, complex
pointcuts have then to be implemented using atomic pointcuts and pointcut-esteteathus impair-
ing understandability of aspect de nitions and essentially foreclosingor@ag about pointcuts. A
solution to this trade-off between generality and tractability can be develfsppdan analogous
situation in traditional programming: imperative programming also suffers Biomilar tractability
problems. Alternative programming paradigms, such as functional progirgg and logic program-
ming, have been developed as a remedy. The trade-off induced by atoimicuyts languages can be
similarly addressed. To this end, we have explored the de nition of poin&aiignctional expressions
that are de ned in terms of monadic parser expressions [HM98].

Language. We have considered pointcuts de ned as values over a recursiviyplatihat include,
inter alia, constructors for the matching (and extraction of information) df/iehgial joinpoints, a
sequence constructor and a parallel constructor that realizes a fafisjunction. Speci ¢ binding
constructors may be used to pass values extracted from one joinpointeiopattis of a pointcut
de nition.

The essentials of such a language can be easily represented in term&oamhmar 3.1: recur-
sive de nitions, sequencing, and the parallelization operator aresepted by the operatops ; ; =,
respectively. Individual joinpoints may be represented by recursimstructor terms involving vari-
ables in argument positions, the latter to extract data from joinpoints for lsgeNote that we abstract
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here from the speci cs of joinpoint matching, e.g., return types and wittlozatching. Furthermore,
pointcuts may test for arbitrary conditions using ifftonstructor. We represent value binding by
distinguishing between assignment of variables, ngtied variablev from variable uses.

Example: An aspect for updating information on les and trust of their respectieiders as
part of an P2P application can be de ned as follows:

paf = localCache (if (f 6 null);a
a if (f = null); (pb: les_query b; les_replyB updateFilelnfoa
a uctrust.query,c;trust replyB updateTrustinfpa))

This aspect rst looks up a le in a local cache and, if it has not beamtbthere, updates the
local cache after a recursive le query or a recursive trust query

Semantics. An aspect language providing expressive pointcuts can be de nechirs t&f a monitor
that observes the base program execution, matches pointcuts andstaggare execution when ap-
propriate. Functional pointcuts, which form a sublanguage of purea(sside-effect free) functional
programming languages [Hud89], are particular attractive in this cordeghifee reasons. First, pure
functional languages come equipped with formally-de ned and relativieiple semantics. Hence,
functional pointcuts can be formally de ned by translating them into plaintional programs. Sec-
ond, the corresponding interpreters can be implemented directly in termsaticiial programming
languages. Third, functional pointcuts are referentially transpalrerd9], which enables equational
reasoning to be used to establish formal properties over pointcuts. fodies this property carries
over to aspects built using functional pointcuts as long as the aspechdbesly on and modify
(aspect internal or base program) state through advice.

We have harnessed this method by de ning a translation of functional pognitto the pure func-
tional language Haskell [Has]: recursive composition is translated iotosi&ve functions, sequences
into nested function applications and the two branches of a choice opeaati@xplored (on the se-
mantic level) in parallel until the rst match is encountered, the decision beimgdeterministic in
case both match at the same point. (The reader might have reckoned tiwétettas to be resolved
based on the rst event encountered after the choice point: this is arralble alternative semantics
that we have explored as part of the regular aspects discussed iB.88c) Concretely, this trans-
lation has been realized in form of an equational system relating diffemerdtructor terms, which
includes the following three laws

return(e) @ Iter (p)(p2)
(P1ip2) @ (P1; P3)
(P1;p2) @ p3

lter (p)(return(e) @ py)
p1; (P22 pa)
(p1;p3) @ (p2; P3)

stating, respectively, that Itering on branches continues as long aarechras not yet been fully
explored (i.e., until a match is returned) and that sequencing distributeslmiees from the left and
from the right.

This equation system induces a rewriting system that has been used tdyatenae and imple-
ment a monitor-based weaver for functional pointcuts.
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Aspect properties and equational reasoning. As mentioned above, functional pointcuts are ame-
nable to equational reasoning because they are referentially transpHnés allows common equiv-
alences over functional programs, including, for example, inductigea@ng over recursive equa-
tions, to be used to prove properties over aspects. Furthermore, eglilaBasoning over func-
tional pointcuts is supported by the equational de nition of the basic poimimastructors. We have
shown [5-DMS01a], for instance, how inductive reasoning and tpéagpion of the laws linking se-
guences and choices can be used to prove the equivalence of atJAiec ow pointcut constructor
using a runtime stack to a constructor not needing a stack, an optimizatiorathbebn the subject
(in more general settings) of a number of later publications by other @ssa{MKD02, ACH 05].
Since functional programming languages are turing complete, these parofa general not be au-
tomatized, but they are facilitated by the large number of existing properteguowctional programs,
especially the so-called theory of lists [Bir89].

3.1.3 Regular aspects

While functional pointcuts support the formal de nition and reasoningaB® programs, equational
reasoning over turing-complete expressions cannot be automatize@velpivis well known that the
automatic or semi-automatic analysis of program properties is useful to haordbetness issues es-
pecially of large scale programs (to which application of manual technidungsysis too unwieldy).
Restricting the expressiveness of the aspect language therefors Biggly worthwhile if it bolsters
automation. The class of languages with the most substantial automatic sigooralysis of cor-
rectness properties are regular languages, i.e., languages that damée in terms of nite-state
automata. This language class especially supports correctness psofzattied using static analysis
techniques, such as abstract interpretation [JN94] and model chg€CKaieP9].

A notion of regular aspects, which constrains the semantics of aspeds niggastate automata,
therefore seems to be a natural means to leverage existing analysis teshritguthermore, regular
aspects are still expressive enough to capture a large number of timgmesn-atomic relationships
between joinpoints, see, e.g., Allan et al. [AAG5] for a series of examples from the domain of
program development.

However, there are several non-trivial issues in the de nition of laagaspects. A rst question
is if regularity is only required of pointcuts or should express constraiwgs pointcuts and advice.
Regular pointcuts could be de ned e.g., by restrictidgo regular expressions in the language of
Grammar 3.1. Allan et al. [AACO05] have introduced “tracematches” that also de ne pointcuts as
regular expressions. Regular pointcuts raise the problem that theyt ddove to de ne and analyze
properties of complete aspects: the main question in this context being howetmtalaccount the
effects of advice. If advice can generate joinpoints of its own, i.e., advigsible to aspect weaving,
the behavior of the aspect cannot be simply de ned in terms of the compositi@gular pointcuts.
We have therefore opted to de ne a notion of regular aspects whautaréy constrains the execution
of complete aspects and to address the problem of the visibility of advice idyplic

A second issue is how to integrate dependencies introduced by varisdtiesdlassigned and used
as part of matching in regular pointcuts. Depending on the scope of iadammitions, regularity can
be violated: a dynamic notion of scope which allows to shadow variables sathe name assigned in
a later iterations of a repetitive de nition, for instance, cannot be remtes! by regular expressions.
Allan et al. [AAC* 05] impose suitable restrictions by requiring variables to be bound con$jstien
the same value over all occurrences. Our solution presented belowsla notion of dynamic scope
where a variable binding extends from one binding to the next bindingoogun an execution trace
(or the end of the term representing the current aspect).
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We are now ready to present our specialization of Grammar 3.1 for reggpacts:

P = fT:i:T, ; (atomic) pointcuts

T = fTinTh ) Xjx

A = puaA : recursive de nition (3.2)
i PBLLAjPA ; pre xing
j PBl;ajP;a ; end of sequence
i Are A ; choice

where the set of term variablesand the set of recursion variablass to be disjoint. Pointcut® are
nested constructor terms, that may assign variables, Kptbrtbugh matching and use them, noted

to restrict matching. Aspeci are restricted compared to Grammar 3.1 in that recursive de nitions
may not end in the middle of sequences: this ensures tail-recursiveihesgutar aspects and thus
equivalence to regular expressions.

Note that this language is a simpli ed version compared to our previous vitatkes not include
pointcuts constructed from logical operators (as [5-DFS04a]) does)n contrast to [Far03, NS06]
only a restricted set of regular pointcuts is included (in form of variangrefxing and sequences
with omitted advice, i.e skipadvice). Both of these features are not essential to the discussign here
since they do not interfere with the formal de nition of a semantics for sulemguage and analysis
of aspect-speci ¢ properties.

Example 3.1.1: Reconsider the example of le queries in the P2P domain, we now cannot
express aspects about recursive queries anymore, becauksr stguctures do not allow to
correctly match nested structures. Regular aspects can, howeverxstédse many useful
relationships between joinpoints, e.g., abortable le queries over oneneh#irat update le
information on the current node only in case the query is completed:

paf = localCache (lisNull(f);a
o isNull(f); ub: les_query; ( les _replyB updateFilelnfob
a abort a))

Semantics. The semantics of functional pointcuts has been de ned in terms of a tramsiatmthe
functional programming language Haskell in order to harness the ladjedfaesults of the equa-
tional theory over pure functional languages. However, in order tsitigate fundamental properties
of aspect languages, such as interaction among aspects and diffeanbg models, a lower-level
semantics, which allows to de ne and reason about arbitrarily ne-grhiealuation steps of an
AO program seems better suited. By now a fair number of different kind®wofantics have been
explored as part of this endeavor, for instance, process calculnblyefvs [And01], denotational se-
mantics for an AspectJ-like language by Wand et al. [WKDO04], semanticeeflar pointcuts by
Alan et al. [AAC' 05], and operational semantics by Walker et al. [WZL03] as well as Cliftuh a
Leavens [CLO6].

Preceding almost all of this work, we have equipped regular aspects witfstifiormal semantics
in terms of a small-step operational semantics [5-DFS02b]. This semantiisgtyede nes three
issues:

1. The modi cation of base program executions through aspect weaving.
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Woven execution
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Figure 3.1: Weaving of regular aspects

2. Weaving of several aspects at a time.
3. Visibility of advice to other aspects, i.e., whether advice is subject to wgavin

In the following we will present the essentials of how these three diffessoies are handled in a
formal way (see [9-DFS02a] for a detailed presentation including exanple

Modi cation of base executions through aspect weaving. Aspect weaving is de ned as shown
in Fig. 3.1. The execution of the base program as well as the wovengmoigr abstracted into
a relation de ning execution steps that transform runtime con gurationscoA guration (j;T;s)
consists of the current joinpoirjt the static program text and the dynamic state.

The weaver is essentially de ned in terms of two transition relations. The wexecutior) w,
see inference rule WEX, yields a follow aspect, next joinpoint and new state after weaving a set of
aspects at the current joint point, as expressed by the aspect applieddittonj=) A, and advancing
the base execution to the next join point (base transition relatipnSecond, weaving of one basic
aspecPB |, see inference rule #PA PP, yields a new dynamic state by calculating a variable binding
f resulting from matching the pointc&ton the current joinpoinj and executind |, the advice after
substitution by the generated variable binding.

Multiple aspects. The aspect selection functi@elused in rule WOVEX is de ned over a set
A of aspects and vyields all basic aspects that match the current joinpointaspleet application
rule ASPADD then iterates over all these aspects. Once all aspects have been apj@iédPENC,
returns the resulting new dynamic state.

Note that the rule APADD non-deterministically chooses one of the applicable basic rules. The
weaver de nition could obviously be modi ed to support deterministic ordgsinas has been done
in a number of approaches, e.g., Andrew's aspect calculus [Anddever, our approach is more
general and exible: interactions between aspects, i.e., the applicabilitpvetral aspects at a join-
point, can be analyzed statically (see Sec. 3.2) and the resulting con igtssbéved using aspect
composition operators, amongst others, by ordering them. We therefoegajize on most existing
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approaches, e.g., AspectJ, that support only partial orderinggetwsthat are applied simultane-
ously. This is discussed in detail in Sec. 3.3.

Visibility of aspects to other aspects. Visibility of aspects refers to the property if the func-
tionality introduced by aspects, i.e., advice, is subject to weaving itself, inhndg@ise other aspects
can be applied to this functionality. The weaver de nition of Fig. 3.1 accomnesddifferent models
of visibility simply by choosing appropriate transition relations for the executifoinserts, i.e., the
relation7!, in rule ASPADD: if this relation is chosen to be the base transition relationadvice
is not woven and thus not visible to other aspects; if the woven execut@atiorej=)  is chosen,
advice is woven and thus visible to other aspects.

3.1.4 VPA-based aspects

Aspects relying on functional pointcuts (or more generally on turing-comapleintcuts) and regular

aspects delimit a potentially large set of aspect languages that differ \sjleceto expressiveness.
The turing-complete ones are more interesting because of the largercsesstutting relationships

they allow to express, regular aspects support fewer relationshipscaphbared but enable automatic
support for properties analysis over aspects.

Researchers in the eld of formal languages have de ned a varietjagkes of languages whose
expressiveness lies between regular and turing-complete classesxafople, LL/LR-languages,
context-free and context-sensitive languages. All of these clasgeghwirraison d@treand should,
in principle, be useful to describe crosscutting relationships. Howanét,now only very few work
has been done on aspect languages belonging to these classes. HEwtaplions are the notion
of context-free aspects proposed by Walker and Viggers [WV04Jeamduggestion of aspects over
context-sensitive protocols [S8805]. While worthwhile on the grounds of their expressiveness, these
approaches are subject to the problem that the underlying languagescka® not readily amenable
to automatic analysis and reasoning techniques, dif cult to implement or both.

There is substantial work currently on formal languages (not aspeguémes) that are more
expressive than regular languages but that improve with respect tmatitoreasoning and im-
plementation support compared to context-free languages. Receisthly pushdown automata
(VPA) [AMO04] have been introduced as a means to de ne a languags, alagbly pushdown lan-
guages (VPLSs), that is (i) strictly more expressive than regular oiesiriCtly less than context-free
languages and (iii) that obeys all common closure properties of requigmdges. The third charac-
teristics distinguishes visibly pushdown languages from context-freg aiech are, for instance, not
closed under the union operation. VPLs thus support a much largeroflgagomatic) analyses than
context-free ones. Technically, this is achieved by trading off somesegpiity of VPAs compared to
plain pushdown automata: the set of transition labels in VPAs must be partitiotiedse that push
data on the stack, pop from the stack or do not modify the stack.

Based on this observation, we have introduced VPA-based aspeotse whsentials can be repre-
sented as an extension to regular aspects by the following grammar:

P = FTy:i Ty

F o= fjfsjfs

T = fTi:Thj Xj X (3.3)
A = paAjPBIAjP,AjPBl;ajPajAie A

; same as regular aspects (see Grammar 3.2)
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Here, VPA-based aspects extend the term structure de ned by Gramfnhavhle preserving the
structure of regular aspects Pointcut terms are modi ed in two ways. Most importantly, there are
now three sets of term constructors:

2 Constructors that match functions (or methofiss in the case of regular aspects.
2 Constructord that matchf and puts on the call stack.

2 Constructorsfs that matchf only if a corresponding call has occurred, iggan be popped
from the call stack.

A second difference is that we allow stack manipulating calls only on the oustdenel of nested
pointcuts terms

Example: The following example shows how VPA-based aspects can be used to npootify
tocols involving recursive le queries:

File = pa lookup (founda
o pb(query,;b
o reply, B fixOrder,a
a aborta

In this example, a le is either found after a local lookup or searchedrsdaly. After a recur-
sive call has been terminated a new search order for later searchxeslig=inally, queries may
be aborted any time. Here, the VPA property ensures that orders aredaaly in the correct
contexts and not, e.g., by a reply belonging to a different incarnation tieeaaifiesponding

query.

Semantics. The difference between regular aspects and VPA-based aspecssatck-manipulating
pointcuts, can be de ned by two modi cations to the semantics of regularctsjps outlined above.
First, we have to add a call stack which is manipulated and tested as paintziponatching. Second,
the notion of follow aspects has to be modi ed accordingly. Both of thesegssan be conveniently
addressed by translating a VPA-based aspect in a correspondirtgyddifPA that explicitly repre-
sents all traces ia consisting only of pointcut terms. Using the pointcut VPA the relevant funstio
of the operational semantics of the weaver shown in Fig. 3.1 can be redi€oncisely: selection
of applicable basic aspects (functiea) tests the VPA stack in case of constructors of the fdgm
fs and determination of the follow aspect (functinaxt) reduces to traversing one or (in the case
of non-determinism) several transitions of the pointcut VPA. Finally, thécadw be applied once
a pointcut , say) has been matched can be found simply by storing references tadiceabpect
that contains the advice in the node of the pointcut VPA represenptirfgpart from these changes,
the weaving semantics for regular aspects does not have to be modi &Pobased aspects. For
details of the semantics see [NS06].

To conclude the discussion of VPA-based aspects, let us recall the #iynd&properties of
regular languages and VPLs, which, in particular, allows several impqutaperties of aspects to be
tackled equally well for regular and VPA-based aspects as shown ioltbwing section (ef ciency
concerns notwithstanding).

IMatching of nested terms involving stack manipulating functions is a subjéature work.
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3.2 Properties of aspects

While the precise de nition of aspect mechanisms using formal semantics istawVole goal of its
own, methods to address the need for reasoning about propertiggect-asiented programs are at
least of equal importance. Aspects raise a number of speci ¢ problemteotng the enforcement,
analysis or veri cation of AO properties. Two particularly important aggsaeci ¢ problems are
the handling of interactions among aspects and the de nition of conditiongiéiiamnit the effects
of aspects on sets of base applications (as opposed to propertieseofsagoven into a specic
application). Aspect interactions constitutes one of the fundamental chedidar the compaosition
of aspects and the latter can be seen as a generalization of traditionakraftencapsulation that are
not appropriate anymore in the presence of aspects.

Relatively few approaches have been put forwarded for reas@fiogt aspectual properties in
general and the two classes of properties singled out above in partdiddrave been among the rst
to propose solutions for each of these two problems in form of, respggtavnotion of aspect interac-
tions based on the simultaneous application of several aspects at ati@xegent and enabling the
limitation of effects of aspects by ensuring that interactions are absent.oBtitase proposals have
been developed in the context of regular aspects and have beetlyemereralized to VPA-based
aspects.

In the remainder of this section, we motivate our work on these two fundahpotdems and
explain its main technical characteristics. However, since aspect intersatial limits to how aspects
may affect applications are intimately related (because the latter can bedde terms of the former
as discussed below), we rst give an overview of the most relevank wo

Related work. Notable related work on aspect interactions include Dantas and Walkai® 6]
“harmless” aspects that guarantee not to cause interactions by mearspe€ially-tailored type
system. Their approach provides only very limited support for directaiag about interactions.
Another group of work has been presented on interactions due to méidnsathe static structure
of OO programs, in particular Havinga et al [HNBAOQG] as well agr&r and Krienke [SK03]. We
are interested here in the more general and dif cult problem of interagtiesulting from runtime
modi cations by aspects. Furthermore, relevant work has also beanidartosely related domains,
in particular, feature interaction [FNO3]. In typical settings of featurerémttion, the interaction prob-
lem is alleviated in comparison to the realm of AOP because of the more honoogesteucture of
telecommunication applications and the absence of certain aspect-speactusitg mechanisms,
such as nested advice that may or may not call functionality of the baseatjpiiof other aspects.

Very few work has aimed at mechanisms for the delimitation of effects of tsp&icrich [Ald05]
has proposed a notion of modules (de ned on the based of modules inditeotral, non AO, sense).
The interfaces of these modules may export points which may be advisesbbgts but can not
be modi ed by external aspects otherwise. His approach does nobdymoperties of aspects di-
rectly but rather allows to delimit their effects with respect to to individual nesluKiczales and
Mezini [KMO5] have investigated the extension of method declarations magiges similar to As-
pectJ pointcut declarations in order to make explicit the effect of aspedthas enable informal and
manual reasoning about modularity properties of aspects. In contralstn@nn and Katz [GKO6]
have presented work on the modular analysis of effects of aspectsrasitg checking techniques.
Finally, Skotiniotis et al. [SPL0O6] have recently proposed an extensiortdédaces for adaptive pro-
gramming that allows static conditions to be formulated on sequences of mettstth@amay cross-
cut the base application.

Finally, there are a number of articles presenting various categorizatioasfiects with respect



CHAPTER 3. FOUNDATIONS OF AOP 39

to their effects on the base program and other aspects, notably by KatHJKRinard et al. [RSB04]

as well as by Clifton and Leavens [CL02a], all of which provide meae$ulifor reasoning about the
interactions and effect delimitation for certain classes of aspects. Hovavef these approaches
allow properties to be investigated only at a very coarse level, i.e., typicaikidering only properties

of entire aspects.

3.2.1 Static analysis of interactions among aspects

Intuitively, interactions among aspects occur when the execution of geetasodi es the behav-
ior of another one. In the general case, such interactions may bedcysebitrary modi cations
of aspects to any state that is accessible by different aspects, incltdiagtthe base application,
modi cations to les, and network communication. The de nition and analysiswth general inter-
action properties requires, however, severe abstraction of thetasmbbase programs, and is typi-
cally subject to limitations on the relationships between aspects that can lesselti(the approach
of Goldmann and Katz [GKO6], for instance, does not allow to apply dspieother aspects).

Aspects are commonly used not as a mechanism for general programrhiaghien for the struc-
tured modi cation of base applicatiorfs.It seems promising to consider restricted notions of in-
teractions that are specialized with respect to the aspect structure dicdnmrsore speci ¢ uses. In
particular, aspects commonly modify base applications at speci ¢ executemtewhere pointcuts
match; some interactions can therefore be characterized solely by the sieoukaapplication of as-
pects at an execution event. It has turned out that this notion of interastadrparticular relevance
because applications using several aspects frequently apply them ielagupfashion at common
joinpoints, for instance, if three different aspects are used to compmess/pt and log messages in
a communication system (a programming technique at the heart of the so-walgabsition Iters
approach [BAO1] to AOP).

We have provided the rst formal de nition of (potential) interactions in terofighe simultaneous
application of aspects. In the context of regular aspects (cf. Def. Fdn3.1.3) interactions occur
when several basic aspects are weaved at the same joinpoint, i.e., wizespdioe selection function
selreturns more than one basic aspe@& | in rule WovEXx of Def. 3.1 and hence rule #2APPis
executed several times at one joinpoint.

Example: In order to illustrate this notion of interaction, let us come back the example of
queries in P2P applications introduced in Example 3.1.1 (see page 34).ditioado the
aspect updating le information shown there, consider two other asp@cts1 aspect that uses
recursive le queries to eliminate certain stored les (e.g., illegal copiesafiigrror aspect that
raises exceptions when a reply occurs without any query having bitieteid. In this case the
former causes an interaction of le info updates, while the latter does not.

We determine interactions between two aspects using a static analysis of theriddet (“par-
allel”) execution of the aspects [5-DFS02b]. The analysis calculatesna db product of the two
nite-state based expressions de ning the two aspects. Concretelyndtieewts a sequential result
automata by merging paths of the input automata that consist of equal sequépointcuts. During
this process basic aspects are marked that result in advice from bettisagpbe weaved at the same
event of the result automaton.

2The reader should keep in mind, though, that many aspect languagiele @spects to implement arbitrary programs:
in AspectlJ, e.g., the functionality of any Java program can be put isecathat advises the entry point of an otherwise
empty base program — admittedly a technique rather akin to abuse thahasgeots.
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[UN/FOLD] paA= AlpaA=4]
[PRIORITY] (PiBl1; A)) & (PBly; A))=(PiBlg; A e (P PiB Iy A))
[commuT] (PiBlg; A) & (PB o A))=(PaBly; Ap) @ (PLB I1; Ap)
:if P1™ P, has no solution
[ELIM] PB | = falseB I ;if P has no solution

[PROPA]G let A (PiBly; A) e iiim (PyBln; An)

and A° (PPBI AY) = i (POBIS: AY)
then AkA? = a/Z R~ POB (1 19); (A k AQ)

o= 1nP B I; (A k AD
8 j=1:mP?B 1% (Ak A%)

Figure 3.2: Laws for aspects

Technically, this analysis is de ned by an equational system consistinggti8tions that enables
two independent aspects, not&gdk A, to be transformed into an equivalent sequential aspect with
marked interactions. Fig. 3.2 shows an excerpt of this system. Markingesaitions is achieved
by rule PROPAGthat is used to “push’' the parallel operator inwards into expressions,ntlaking
them more deterministic. The topmost row of the result expresaiknA® corresponds to the case
of interest, that is, all the combinations of initial pointc@srom A andP{ from A°both of which
have to match: in this case, a (potential) interaction is recorded in the remsgtthe expressioho IJ-0
over the corresponding advice. The two other rows in the result esipregroup all subexpressions
in which only a pointcut of one of the argument aspects matches and tteefonot give rise to
interactions. The remaining rules allow to un/fold recursive de nitions (uNgérFoLD). Two rules
govern choices: rulerRIORITY expresses that the choice is deterministic because the rst branch has
priority over the second (note that this rule has to be slightly changed im twrdake variables into
account, see [5-DFS044a] for detailSpMMUTE states commutativity of choices if none of the two
pointcuts at the head of the branches of the choice match. (Rule, nally, shows an elimination
rule that is helpful to eliminate branches which cannot be taken.

The notion of interactions through multiple aspects applicable at common exeewtats can
naturally be extended to VPA-based aspects and applied to the balamtegtsahat VPAs support.
Since the intersection operation on VPAs is closed and the test for emptinessdable, the interac-
tion analysis between VPA-based asp@gt#\, can be reformulated for VPAs in terms of the standard
operations for VPAY asA;\ A, 6 0 (and a corresponding marking of interaction points) [NS06].

We have developed a prototype implementation of this analysis. While this implemardtsm
allows to analyze interactions between regular aspects, we are curr@mkingron a more ef cient
implementation for the regular case using model checking.

To conclude the discussion of aspect interactions, let us note that ticbsgees yield interac-
tions between two aspects, that is, independent from their application toaseyprogram (this has
been termed strong independence in [5-DFS02b]). It is, however,b@gossible to abstract the
base program into a regular or VPA-based abstraction and then congitteeractions only that may
occur during executions of the abstracted base program (weak mdkpee in [5-DFS02b]).
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3.2.2 Applicability conditions for aspects

We now turn to the problem of techniques for determining and limiting the efféetspects. Recon-
sidering the discussion of related work above, the following characteristiem desirable:

2 Support for the expression of crosscutting effects to arbitrary entifiémse programs, in-
cluding to an existing module structure (but not restricted to existing moduletstes as the
approaches by Aldrich [AldO5] or Skotiniotis et al. [SPLO6]).

2 Formal and if possible automatic support for the enforcement of limiting ptieggthus im-
proving on Kiczales and Mezini's informal and manual approach [KNIO5]

A general notion of effects of aspects meeting these characteristicsecda ed in terms of
applicability condition3 for aspects and base programs. Concretely, applicability conditionsecan b
de ned as regular aspects that raise exception events in situationsditieaned to be erroneous. An
interaction between an applicability-de ning aspect and a second asecindicates that the second
aspect is not compatible when it would trigger advice in erroneous situatamthermore, based on
a regular abstraction of the base program, interactions between a classegbrogramdB( say) and
an applicability conditiond, say) can be determined: if there are no interactions, any aspect that is
compatible witha can be woven with any base progranBadind is guaranteed not to engage in any of
the erroneous situation representedabyinally, in the case that an aspect is not compatible with an
applicability condition it is possible to weave it nevertheless but also weaapgieability-de ning
aspect at the same time, such that exceptions are raised during execeiongous situations.

Example: In the P2P setting, we could use applicability conditions, for example, to etisatr
any query can only occur after the network has been reasonablypsetqs, by appropriate
initialization of the corresponding infrastructure.

We have shown that interaction analyses as discussed in the previtios an be applied in
this context. Taking into account applicability conditions for interaction amaljiglds the notion
of “contextual” independence [5-DFS04a], which is ner than strordgpendence (because it takes
into account some traces of the base execution) but coarser than wlegkimlence (because it does
not take into account all base program traces).

To conclude the discussion of applicability conditions for aspects, let iesthat they meet the
two characteristics introduced in the beginning: they can de ne propetieg-grained entities and
come equipped with automatic support for analysis and enforcement.

3.3 Aspect composition

The construction of any program (using aspect-oriented techniquestjocan be seen as the appli-
cation of some composition operation to some basic entities. Functional progrgniarimstance,
is based on the combination of functions using functional composition. Coampdrased software
construction relies on the provision of glue code between software canfgormspect-oriented soft-
ware development ts this picture well: aspects can be considered asgiwedndities that have to be
composed with the base program and one another.

This perspective on AOSD reveals three requirements of aspect citimpdseyond the basic
observation that aspects have to be weaved, typically invasively, intsescpgplication:

SCalled “aspect requirements” in [5-DFS04a].
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1. Aspect composition should enable interactions, the main problem factagpaposition, to be
resolved.

2. Aspects should be composable in a exible manner, in particular, compositiould not be
restricted to aspects as a whole.

3. Composition should be supported through the use of explicit well-deawsposition opera-
tors that allow to express much more general relations than common preeesprti cations.
Furthermore, they should support reasoning over compositions.

Currently, most aspect systems support aspect composition only in limitesl amalyfrequently
in a very coarse-grained fashion (typically by composing aspects withodi cation as a whole) or
through very ne-grained mechanisms. In AspectJ, for example, agpecedence speci cations can
be used to compose aspects as a whole anadiheexecution pointcut predicate may be used to
de ne if and how an aspect should be applied in the presence of othectzat individual joinpoints.
There are only few structured mechanisms that allow parts of aspects tmposed or that allow
composition of aspects to be limited to parts of the execution of the woven prog¥ark in this di-
rection has been pursued mostly based on speci ¢ aspect models, eBgrdmgans et al. [BA01] who
de ne aspect compositions in terms compositions of stateless lters that ptie@pvhen messages
are sent. Lieberherr et al. [LOMLO1, LLOO3] have introduced agpdaollaborations that allowed
aspect composition to be de ned in terms of specialized merging operatiatiasmhierarchies. The
Hyper/J approach [TOHS99], similarly, allowed general, unstructuoedposition programs to be
de ned for the composition of aspects (called hyperslices). Theseaphpes fall short with respect
to the requirements above because they do not make the resolution dfiatgactions explicit, are
not operator-based, and, for some of them, are not exible enough.

Regular aspects admit a exible notion cbmposition adaptorfs-DFS04a, 5-DFS02b]. These
operators are de ned as a restricted form of regular aspects, se@ Fégthat specify unary or binary
advice transformers that are applied according to a nite-state automat@mseToperators meet the
three requirements introduced above. Compositions are performed exithlywhen a program
execution matches the nite-state based composition de nition. Con ict régmilcan be performed
using binary transformers by, e.g., reordering advice, exempting afiferceapplication or replacing
advice altogether. Finally, the interaction analyses admitted by regulartasaecbe used also in
the presence of composition operators, essentially by replacing thegatagarule of Fig. 3.2 by the
rule shown in Fig. 3.3b that applies the appropriate (unary or binary) ositign transformer where
necessary.

A feature of composition adaptors that is particular attractive from a sodtemgineering view-
point is that composition operators may therefore be used as paritefative incremental develop-
ment methodbase programs, application conditions and regular aspects may beehflyinterac-
tions using the different static analyses presented in the previous sdotlowed by the resolution
of some of the interactions using composition adaptors. The resulting syatelrecanalyzed once
again, etc.

Finally, let us brie y mention a second notion of exible, operator-basspezt compositions we
have investigated. In the context of an instantiation of the EAOP model thiatréal turing-complete
pointcuts and advice implemented as sequence of Java statements [6-E[3832]9 aspect com-
position can been de ned explicitly based on a (directed acyclic) grapictstie whose nodes are
composition operators and leaves are aspects. Aspects are compasmtstiycting or modifying
composition graphs. The composition structure allows for arbitrary exisjgeat composition be-
cause the composition can be modi ed dynamically. We have proposeddoysasition operators to
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O = paOjCBF;0jCBF;ajO;2 O,
F = (UOB) ; pair of transformers
U == idjskip ; unary transformers
B = m jseqjfstjsndjskip ; binary transformers
(a) Syntax
let A = (CiBlg; A e o (CuBlm Am)
and A° = (CIBI%AY) @ i (COBIY AY)
and O = (CPB(uOby); O1) & ::: 1 (CIB (Us©hp); O)
then Ako A’ = i=1:m;j=1:nk= 1:0G " CJQA CEB bk(li;ljo); (A ko, A?)

o [ZEMGACIB I 1% (A ko A)
o SE0CA COB u(l); (A ko, A9
8 21.0GBli; (A ko A)

o 20 CONCOB w(19); (Ako, A9)

j=1lim
CPB 1Y, (Ako A?)

o]

j=1lim

(b) Interaction propagation

Figure 3.3: Composition adaptors for regular aspects
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address aspect interactions in this aspect model, either by orderingsadys apply at a same join-
point or by conditionally execute one aspect if another one has (ordippneviously been applied.

3.4 Conclusion and perspectives

In this chapter we have presented different approaches to provetaswith formal semantics
in order to de ne them rigorously and support formal and, for some efmthautomatic reasoning
about properties of AO programs. We have introduced semantics asmhieg methods for aspect
languages of different expressiveness, ranging from reguterctsto turing-complete pointcut lan-
guages. Based on this foundational work on AOP, two of the most impgntabtems of AOP, aspect
interaction and applicability conditions on aspects, have been addré&ssally, we have shown that
these approaches support exible and declarative notions of aspagiosition that allow to resolve
aspect interactions.

Perspectives. The different approaches presented in this chapter pave the wayrfloef studies on
various questions concerning the foundations of AOP.

Most importantly, the notions of applicability conditions and aspect composipenators that
we have introduced should be useful as a basis for a comprehensilye af modular properties
of aspectsin particular, the relationship of traditional modules (that feature stromgpesulation
properties, support separate compilation, etc.) and crosscutting fualdizs Since this is probably
the single most important issue pertaining to the foundations of AOP, we dig@sspart of the major
perspectives of our work in detail in Sec. 6.

As we have discussed our notion of aspect interactions is limited in the seatsié dioes not
capture interactions arising from the manipulation and use of some shaeedtsi#ferent execution
points. While our analysis is hot amenable as is to handle correspondirg) general notions of
aspect interactiongegular aspects as well as VPA-based aspects should be well-suitstltdyaof
more general interactions. Regular aspects, in particular, should beba@émsupport corresponding
analyses based on model checking.

There is a large range of other classes of different expressiwéimas those we have considered.
There is for instance a large class of counter automata that allow to repras@y context-free
programs and some context-sensitive ones, while supporting automatisiartdlgroperties that are
relevant for aspects, their compositions and interactions. Furthermife &fe currently investigated
by many research groups, in particular, develop more ef cient anslyktheir properties. Results on
these issues could be usefully integrated into aspect languages byiegttredframework for formal
de nition and properties presented here.



Chapter 4

EXxpressive aspects for component-based
and systems programming

While rigorous semantics of aspect languages and systems de nitely islarfiemtal and intellectu-
ally challenging problem of AOP, the development of aspect languageshlvays been driven by the
guest for concrete means for the modularization of crosscutting caicRight from the inception
of AOP as a research domain of its own, in particular through the work initiaye@. Kiczales at
Xerox PARC [KL097], this approach has allowed to generate wideaspimterest by scientists and
practitioners alike because of its focus on de ciencies of widely usedrarmoming methodologies
and resulting problems in the structuring of, mostly sequential, large-sgalieagtjons.

Two domains in the eld of software engineering that are particularly chgiten— and poten-
tially rewarding — for the application of AO methods are component-basedystdms program-
ming. Apart from the fact that both are subject to a large number of cuttssy concerns, they raise
intricate issues related to the integration of AO technology with well-establiseeelapment and
programming methodologies. Component-based software development igrbthik premise of the
strong encapsulation properties of software components [SGMO02]hwekems to contradict the use
of aspects to modularize concerns impacting large sets of possibly othemvidated components.
Expressive aspect languages are potentially useful in this conteatidethey can potentially denote
scattered execution events while at the same time explicitly represent caisstrathese events stem-
ming from the encapsulation properties of components. Systems programmthg other hand is
characterized by execution ef ciency being a vital condition. This impeassimportant repercus-
sions on the use of AO methods in this domain: for one, many techniques torsappect languages,
such as delegation-based techniques, cannot be reasonablyarsadipther, systems programming
often disregard regular solutions in favor of more ef cient but ad heeso While the latter in princi-
ple argues for the use of expressive aspect languages (becayshdtiuld be better suited to refer to
such ad hoc structures), the former casts serious doubts on the ajtiplichbxpressive, and possibly
costly, aspect mechanisms in the domain of systems programming.

In this chapter we present results pertaining to these modularization probighese two do-
mains. Regarding software components we have investigated componeiaicedehat include ex-
plicit protocols to address modularization problems in the presence of snmagsulation in a precise
manner. Our work is distinguished from previous approaches by theratitmg of more expressive
protocols than commonly used with components. As to aspects for systenptegeamming, we
have focused on an instantiation of the EAOP model to an aspect langurdupese programs imple-
mented using the C programming language. The resulting aspect languatenat been integrated

45
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in the Arachne system is still unique in providing non-atomic aspects for G@pybrting a dynamic
weaving strategy, that is, weaving of aspects into native code durirguiése. Finally, the com-
position and aspect languages developed for both domains have beedlfade ned, yielding, in
particular, the rst formal semantics for an aspect systems for C applicatio

The results presented in this chapter have mostly been achieved asdifigreft collaborations.
Part of the work on protocols, aspects and software components élagpbdormed in collaboration
with my former PhD student Anés Faras [Far03] and the PhD thesis by Ha Nguyen that | am
currently supervising. The instantiation of the EAOP model to the Arachpecatanguage has been
done in cooperation with Marc&gura-Devillechaise during his, now nished, PhD thesis and my
colleagues Jean-Marc Menaud anehi® Douence from EMN.

Albeit we do not elaborate on this work in this thesis, let us brie y hint at aroirtgnt relationship
between component-based and system-level programming that is essenppliyted by expressive
aspect languages. Expressive aspects are, in fact, a useful tefalctor systems applications to make
explicit the interfaces governing key functionalities of these applicatioresh&Ve substantiated this
claim by developing an aspect language for the construction of compbasad interfaces of system-
level code [5-MLMSO04]. In this work, an aspect language allows thatigmtion of functions that
have to be part of interfaces using temporal logic based pointcuts thatifyua/er execution paths
and the interfaces are de ned using advice.

The remainder of this chapter presents the results in these two domainsn3ettitiscusses the
use of expressive protocols in software components and their manipulaiitmnaspects. Section 4.2
discusses the main characteristics of the design and implementation of thendwsgtect language
for C.

4.1 Components with explicit protocols

Component-based software development (CBSE) today constitutes the ppaoaeh to the con-

struction of large-scale applications. Software components supportdiesriantal development of
large applications through strong encapsulation of software artifactetiztles the assembly of
applications from third-party components and their execution in differeptogment contexts. By

leveraging this development method to build large software systems fromfggtsfabricated com-

ponents, CBSE promises to lift the currently still predominant artisan saftdewvelopment methods
to an engineering eld enabling the construction of provably corredinssok systems from modular
units [Mcl63].

Technically, the main feature underlying the notion of software componentatishigy rely on
“contractually speci ed interfaces and explicit context dependenaidg’ §Szy98]. The absence of
implicit context-dependencies — which arise, for instance, if a comporiretly accesses some state
variable of another one without using a method of the second componédetfaue for that purpose
— enables components to be considered self-contained entities whosesitiongaroperties can be
completely de ned in terms of its interface.

Currently, most approaches to software components, in particular atlkm industrial com-
ponent platforms, such as EJB, .NET et Corba Components, employ a obiiwerface that only
de nes the signatures of services, i.e., their names, types of argumehtesuits. Such interfaces
do not make explicit the semantics of the services exposed by the interthi®ss an important
impediment to the goal of independent provably-correct assembly ta@f components, because
applicability conditions for software services are easily violated, e.g., thditon that an initial-
ization has to be performed before a speci c service can be called. Fwthe, basic component
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correctness properties, such as compatibility (which states that two cothpasgonents correctly
use their respective services) and substitutability (which states that a nentpmay be used in all
contexts where another one can be used), cannot be veri ed, let adlore complex properties, such
as absence of deadlock. These limitations also hold for many academic cembpoodels, for in-
stance the Fractal component model [B@6, Fral to name just one.

A well-known remedy to this lack of explicit semantic information about compt:are proto-
cols that make explicit constraints on admissible sequences of serviegsieRtly, protocols are de-
ned in form of additional speci cations at the design level, for instanesing statecharts, sequence
diagrams or OCL speci cations that are part of UML. There are, h@nealso several approaches
that integrate protocols into component interfaces on the language lesgk.ge [PV02]. Almost
all of these approaches use nite-state based protocols, which erabigsonent-relevant proper-
ties, such as compatibility, substitutability and deadlock, to be de ned preaselyo be supported
by automatic tools, in particular through model checking. The relatively fggraaches featuring
non-regular protocol languages, for instance, protocols baseghaotic transition systems [HL95],
suffer from severely restricted support for reasoning about pobjoroperties that is essential in a
component-based setting.

Our work in this domain has focused on more expressive notions of canpprotocols featur-
ing either nite-state based, i.e., regular, protocols with richer structuwe;ragular protocols and
the construction and manipulation of component protocols using aspect®anubsition operators.
Concretely, we have de ned a component model, Components with Explicib&ls (CwWEP) that
make explicit sets of component ids and provide concise support fi@iteommunication patterns.
Furthermore, modularization of crosscutting concerns is supportedgihnampect languages that ma-
nipulate such protocols by means of protocol composition operators. Aglighing feature of this
approach to component construction is that component properties ¢gafetved from interface pro-
tocols and the operators used to manipulate them; in some cases, propestisgpohents can even
be inferred solely from the properties of the operators, i.e., indepéfdemthe argument protocols.
Furthermore, we have de ned an aspect language for the manipulatgurcbfprotocols and devel-
oped a framework-based implementation of this component model that ineegratethly with the
Enterprise JavaBeans platform.

4.1.1 The CwEP model

The CwEP model has been de ned in order to investigate precise meateimonent composition
by providing components with a rich notion of interfaces consisting of thesés jFar03]: (i) a
set of services signatures, (ii) a protocol governing interactions ofcdraponent and (iii) a set of
component identities that can be used to restrict the availability of services.

The protocols of CWEP components are de ned as nite-state automataewtanssition labels
denote directed service names, that is, distinguish service requestaffidiservice calls to other
components, similar to Yellin and Strom's seminal work [YS97]. Acceptangeddfidual transitions
may further be restricted by constraints on component identities of coll@mp@mponents. Such
constraints are expressed in terms of sets of identities that may requaseser to which service
calls are issued. Furthermore, multicast communication to or from all comtsohelonging to an
identity set can be denoted using a particular kind of transition. As we Hawers the resulting
protocols are equivalent to nite-state protocols but allow signi cantly movedase de nitions of
certain classes of component protocols, speci cally in the case of putlisbcribe style [5-FS02].

1The Fractal model includes, however, powerful mechanisms toctea component behaviors that allow to enrich
component interfaces by, e.g., adding protocol-enforcing behavio
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Composition properties. Fundamental properties of component composition can be de ned in
terms of interfaces. Two properties that are of particular importance in dniext: compatibility
and substitutability. Compatibility is the relation between components that ensatas/thcompo-
nents can be used together in isolation without inducing errors, e.g., ibambetween the two
collaborators are deadlock free. Substitutability is the basic relation egghanha protocol may be
replaced in all contexts by another one without giving rise to errormddated differently, replacing
the protocol still allows all services requested by collaborators to bedeawccessfully.

Components with explicit protocols allow these properties to be de ned in aynraned manner.
A large number of different relations between execution traces havegdreposed that can serve as
a suitable basis, depending on whether only traces are only taken intenacedf failures are also
considered, the expressiveness of the language used for prdtonitions, etc.

We have explored a de nition of these two properties based on work brstdesz [Nie93] who
de nes notions of compatibility and substitutability in terms of traces and failuseslhjects hav-
ing interfaces consisting of (unrelated) sets of method signatures. \eeeliganded his de nitions
to CwEP components, in particular, accommodating directed service requasigonent identities
and broadcast operations to sets of collaborating components. Manetlyeave have considered
compatibility and substitutability of components with non-regular protocol lagg(a-31d05]. In
this context, protocols can use counters whose manipulation is restrictedams@ffect type system
that enables many context-free and even some context-sensitive gedimée expressed [Pun99].
We have shown that our protocol language for components admits compatipiditgubstitutability
properties analogous to the regular case.

Protocol construction operators. Most approaches to the de nition of software components fo-
cus on programmatic means for the construction of components and compdsdiorentities, such
as individual methods, that do not possess composition properties by Mgl such approaches,
properties of compositional systems are then ensured using analystati@n or validation of com-
posites, that is, after system construction time. In contrast, we have airaambastructive approach
to composition that allows to ensure composition properties by constructiaangianents with ex-
plicit protocols.

We have formally de ned a set of component constructor and compositieraions and investi-
gated to what extent these operators preserve compatibility and substituatuifigrties of compo-
nents. In the CwEP model such operators may modify the three parts ohrgsninentioned above:
() they may modify the set of services offered by components (e.g., to mdidable services), (ii)
may modify the protocols governing components (e.g., by adding branchgs) modify the set of
component identities governing the execution of transitions.

We have de ned a set of 12 operators that are useful to manipulate plaetse They include,
among others, a union operation on protocols that can be used to addarahds to protocols, an
insertion operation allowing to insert a protocol at a given state into anotierand operators that
propagate given component identities over parts of protocols. We hawvensthat straightforward
de nitions of such operators frequently yield results which preservepment properties as far as
the set of accepted traces is concerned but yield sets of failures ¢hat@er than necessary because
of alternative paths with common pre xes that yield to transitions with diffefaittire sets whose
union is the failure set required for compatibility and substitutability propertigsotd. We have
de ned a technique to reduce the set of failures to the minimum necessay thipg an equivalence
relation identifying such pre xes of equal traces [5-FS02, Far03].

Example: The resulting composition operators may observe composition propertiesajgn
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or in some contexts only. The union operation on protocols, for instamesegves all traces
and all failures (except for the start state) of the argument protocadsirerefore also pre-
serves component compatibility. As a second example, concatenation ofatecqs always
preserves compatibility with a protocol compatible with the rst argument of tiraposition
but never preserves substitutability because the failures in nal statee afst argument pro-
tocol and the corresponding states of the concatenation differ.

4.1.2 Manipulation of protocols using aspects

Besides their expressiveness, component protocols are usefbbae atructure to which aspects can
be applied. Through the manipulation of protocols, aspects can modulaoigecatting concerns
of components through modi cations to the relationships governing seregaessts into and out
of a component, that is, without violating the black-box encapsulation prepeof components.
This approach improves on the currently predominant approach tocottieg in component-based
systems that apply atomic aspects to individual services, see, e.g., [DE@0203, CC04].

The expressiveness of a pointcut language over protocols is, ingleénmdependent from the
expressiveness of the protocol language. However, it is ofterulusefise an aspect language to
be of equal expressiveness to the protocol language, becauseut®itan then exactly denote arbi-
trary traces generated by the execution of the protocol. Advice may letasgply operators that
introspect and modify protocols. In particular, dynamic modi cations to thecstire of a protocol
(i.e., the base structure of aspects over protocols) are frequentiyl ukefinstance, to model the
creation or closing of services of components. This last property iswgegmmon in mainstream
aspect-oriented programming: in AspectJ, e.g., modi cations to the prograictige via so-called
intertype-declarations cannot be performed at runtime and many asgfs¢emns do not know base
structure modifying mechanisms at all.

We have explored aspect languages for the modi cation of componetdqais for the cases
of nite-state and VPA-based protocols. For nite-state protocols, weehde ned an aspect lan-
guage [Far03] whose pointcut language extends the regular aspdotf. 3.1 (see page 31) by
several constructors for regular pointcuts. This aspect langualyel@scdifferent protocol modifying
operators from those introduced at the end of Sec. 4.1.1. The semdiiticslanguage can therefore
be de ned akin to that of regular aspects as described in Sec. 3.1.3.

However, runtime manipulations of the structure of protocols requiresadpatention. Unre-
stricted use of this feature easily causes semantic problems. For exammeptivation of advice
that adds a new path to a protocol can lead to non-terminating weaving ifrtteeegdvice is applicable
on the newly introduced path. Apart from analyzing complete aspectas®igrograms for such situ-
ations, we have devised two different general solutions to this probleem)oy protocol operators
for which the absence of termination problems can be proved once aatl fiodependent from the
argument protocols, (ii) restrict the weaver semantics such that behatrimtuced by advice is not
subject to weaving. We have proven the correctness of the latter solytiamptoof [9-FS04] based
on an extension of the weaver de nition shown in Fig. 3.1 (see page 35).

Recently, we have started to explore aspects over VPA-based profb&90$§], see Sec. 3.1.4.
We have shown that dynamic modi cations to the structure of protocols posksproblems as in
the regular case and can be solved using the same techniques.
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4.1.3 Industrial component models and AOP

The so-called industrial component models, such as Enterprise Jansa@eBs) [Inc03] and CORBA
Components [Gro02], for distributed applications, or more precisely Z&fiplications deserve par-
ticular attention in a discussion on aspects and components. First, crogscatiogerns are of highest
importance in these models: the EJB speci cation [Inc03], for instancagden detail how to han-
dle three crosscutting concerns — persistence, transactions anifysecwn around 75% of its 646
pages. Second, 3-tier applications constitute the most important applicatisairdéor AOP cur-
rently: Spring AOP [Spr], the AspectJ-like framework for atomic aspediserSpring framework for
the development of EJB-based applications, has a higher usage cwadays than AspectJ.

However, the frameworks for the implementation of crosscutting concertiese component
models fall far short from providing satisfactory modularization mechanfemthe concerns. As
discussed in our detailed analysis [1-NDS05], the industrial componeg¢lsiare subject to three
major de ciencies with respect to this modularization issue.

2 Incomplete modularization
2 Limited concern models
2 Lack of extensibility of concern models

Enterprise JavaBeans, for instance, support the implementation oftgemmncerns through a role-
based access control model which supports modular de nition usinglgedadeployment descrip-
tors. However, modularization is only partial because EJBs also depeadaw-level interface for
access control whose use results in the scattering of access contnattions. Furthermore, EJBs
security model is subject to severe restrictions even in comparison to dstabitde-based security
models [RSC 96], let alone more recent state-of-the-art approaches, suchoasatfon ow based
approaches to security [ML97]. Finally, bean developers do not hayepossibility to extend the
underlying security model.

A fair number of aspect-oriented approaches as well as approasingshased on metaprotocols
have been put forward to remove in particular the rst restriction. Asashby our comprehen-
sive comparison [1-NDSO05], such approaches allow to signi cantly im@rte modularization of
crosscutting concerns while preserving compatibility with the main characterddtibie underlying
component model, in particular, their client-server architecture, blagkaboess to components and
container-based execution models.

The CwEP model allows to further improve the modularization of crosscuttingecas in in-
dustrial component models. Since CWEP protocols allow to express rekiperizetween different
components in protocols, concerns can be described more conciselyithgmevious atomic aspect
systems but also the few with non-atomic features, such as Aspectd@iEcall  pointcut [CGO4].

We have proved the compatibility of the CWEP model with industrial componenemmdarough
the development of an implementation of the CwEP model that integrates smoothtiievighterprise
JavaBeans platform [Far03]. Concretely, this implementation augmentsBheoBthiner abstraction
by a manager component that allows runtime events to be forwarded to ensiggsion beans with
explicit protocols. The latter can be implemented using a framework providipgast for compo-
nent identities, implementations of the constructor and composition operatwedlass specialized
implementations of the substitutability and composability algorithms. We have showattioular,
how CWEP beans facilitate the implementation of security policies in EJBs [5]FS02
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4.2 Expressive aspects for system-level applications

A second major focus of my work on expressive aspect languagesduential programs, has been
aspect languages for applications written in C and C++. This work has fnetivated by the ob-
servation that many crosscutting concerns of system-level applicatariastance manipulations of
communication protocols in networking applications or low-level access tostiatetures, bene t
from a non-atomic aspect model [5-DFQ5, 3-SDML* 06].

While the importance of non-atomic relationships on the aspect languagddewsyistem-level
programming has been discussed in 2001 [CKFS01], no aspect sysagenprbvided language sup-
port for such relationships and corresponding weaver technoldgy torour work. The other ap-
proaches for aspects in C-like languages, most prominently Aspect&3$P02], feature an atomic
pointcut language essentially transposing the AspectJ aspect modelarehterefore subject to the
problems introduced in Chap. 2.1 regarding the concise formulation ohtamic crosscutting rela-
tionships. Furthermore, none of these system has been given a femmahscs in order to precisely
investigate aspect properties.

We have realized a non-atomic aspect model by extending the Aracheensiys AOP in C into
an instantiation of the EAOP model. The original Arachne system (initially dpeeloinder the name
puDyner [SDMMLO3]) offered an atomic aspect model (as usual, ¢ ovatienships notwithstand-
ing). It marks an interesting design point within the space of aspect lgeguand implementation
mechanisms that sets it apart, for instance, from typical Java-basect agptems because it features
dynamic weaving of aspects into executing, i.e., native, C code. Dynamidngdaato C applications
is often useful for system-level applications because it allows applicaidms manipulated without
access to their source code and without stopping them, i.e., without incalwingtime, which is
particular important in widely-used server applications. However, weanvito native code imposes
strong restrictions on the language and the implementation level. On the lariguelgeertain base
program entities that are easily accessibly as part of aspect systemsethet into source code, for
instance Aspect-C++, cannot be accessed during execution of catiee this is the case, for in-
stance, for variables that are local to nested blocks in the source ésdiar as execution support
is concerned, only very small runtime overhead, in particular due to wgaidrypically tolerated
for system-level applications. The original Arachne implementation weaeectalls to C-functions
with an overhead of a factor of around 2 compared to plain C function caligjve overhead which
was 10-25 times smaller than that of typical dynamic aspect systems for Java.

We have therefore designed and implemented an instantiation of the EAOP timatcedds nite-
state based pointcuts for C programs to Arachne's initial aspect model prieiserving its perfor-
mance characteristics. In the remainder of this section, the major languhgeElementation issues
are presented as well as our approach to giving formal semantics fextidreded Arachne system is
presented.

While we do not detail this work here, let us note that the resulting systerhdes applied to
the problem of modularization and dynamic evolution of medical image genesatitware for, e.g.,
tomographs, in the context of a cooperation with Siemens AG, Munich, GerfadeSS 05].

4.2.1 Expressive aspects for C: language and implementation

Originally, the Arachne approach featured an aspect language prg\dadset of primitive pointcut
constructors to match function calls, accesses to global variables, arstl fiorteontrol- ow relation-
ships. Advice allowed to call arbitrary C functions de ned as part okatpor in the underlying base
applications.
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sed call(voida mallodsizet)) && args(allocatedSize && return (buffer) ;
write (buffer) && sizgwrittenSiz¢ && if (writtenSize> allocatedSize
then reportOver ow(); ©
call(void fregvoidr)) )

Figure 4.1: Buffer over ow detection aspect in Arachne

We have extended this aspect language by two features: nite-statd hapects and aliases to
global variables. The former allows to match sequences of primitive pointedtsrable information
to be passed from the different constituents of a sequence to an adWedatter provides access
to a class of local entities in C programs that are frequently used in systginadions and that, in
contrast to local variables, can be accessed and manipulated duringiereof native code using
standard runtime systems.

A direct approach to implementing non-atomic aspects by interpreting nite-steted pointcut
de nitions as introduced earlier in this thesis by regular aspects and implethéoténstance, in the
CwEP approach, is not appropriate in the context of dynamic weavingapipGcations for different
reasons. First, in order to be able to manage variable referencepepf#ly, sequences must have
unambiguous start steps. Nested regular pointcuts and aspects mayeldgeagyto ambiguities that
impeded the correct management of variable references.

For these reasons, we have de ned a limited notion of regular aspecpeetinaits to accommodate
the variable references manageable on the level of native code. Tim&®gel regular aspects are
called “sequence” aspects in Arachne, noted the constraetpibecause of how they are typically
used. Sequences start with a disjunction of primitive aspects, i.e., funaiborovariable access
pointcuts, may be followed by a number of disjunctions of primitive pointcuts thgthmarbitrarily
often repeated and terminate with a single disjunction of primitive aspects. Acpbat any step in
the sequence may trigger advice consisting of a single function call.

Example: Figure 4.1 shows an example aspect for buffer over ow detection elé im the

resulting aspect language. It de nes a sequence of three steps ttedt cadls for allocation,
repeated write operations on buffers, and a call to deallocate butspectively. At allocation
time, the size of the allocated memory is recorded and compared with the sizeafritéen

at the second step. If more data is written than has been allocated anw\smeported by
applying the advice that follows the keywotlgen. Here, the pointcutvrite (buffer) matches
accesses to global variables as well as aliases to those variables.

The sequence aspect construct has been implemented using a list thansinkstions on the
native code level that correspond to successive steps in the sequ@mee a step is matched and the
corresponding advice executed (if there is one), a residue computatiatas the list to re ect even-
tual changes in the instructions belonging to the sequence, e.g., introdacikg@dges if a sequence
step can be repeated. Using this implementation approach, the cost fensemspects is propor-
tional to the number of steps in the sequence and is circa three times more castipthesponding
sequences of plain C calls [3-DFD6]. Accesses to data are comparatively very costly during exe-
cution of native code because they require complete memory pages to ked a#t corresponding
handler code to be executed. Our implementation performs these diffegpatvgith an overhead of
approximately 9700 processor cycles (compared to 1 processor oyeefain C access), almost all
of which is, however, due to page locking, a requirement any dynamicexéar C is subjected to.
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seq p; then fy; Hay: Cp, B fy;
p2 then fp; [ =] . (ag jj pap: (Cp, B f3; STOP)
ps then fz; ) a Cp, B fr;a2)

Figure 4.2: De nition of sequence pointcuts

4.2.2 Formal semantics

A second open question we have addressed as part of our work dmablene system is the ques-
tion how to give formal semantics to such systems in order to foster betterstizuol@ing of aspect
systems in this domain and support reasoning about them. In addition to flengkeof de ning a
semantics at a high level of abstraction, a speci c challenge of C-basepigms consists in certain
idiosyncrasies pertaining to the C-based compilation schemes. The userobraadntegral part of
C programs, into which Arachne aspects are compiled, in particular, hasaocdounted for.

We have addressed these challenges by de ning to different formadrstics for the Arachne
system:

2 A high-level semantics [5-DFL05, 3-DFL* 06] de ning the main features by a translation
of Arachne's aspect language into an extension of the languagedolareaspects shown in
Fig. 3.2 (see page 34).

2 An implementation-level semantics [3-DFQ06, Fri05] de ning the weaving of Arachne as-
pects by a source-to-source transformation of base applications inenvpsegrams that are
expressed as C programs.

High-level semantics. The high-level semantics abstracts from all implementation issues relating
to the Arachne's weaving strategy of aspects into executing native todeturn, it de nes the main
properties of Arachne's aspect language in very concise and wadrstandable form. Concretely, it
extends the language of regular aspects by allowing the use of paraiiblreations of aspects in the
scope of the sequential operators (repetition, choice and sequence).

Figure 4.2 shows the de nition of sequence aspects [5-D0H] that makes explicit three impor-
tant properties. First, it de nes that a new instance of the sequencedtedras soon as a match for
the rst primitive pointcutp; is found by looping ora; in parallel to the on-going match gm that
is performed by the original instance of the sequence aspect. Secoashect instance is terminated
(by the primitive aspect STOP) after the last sequence step has beemeskeThird, repetitive steps
(i.e., steps in the scope of the operator) yield control to the following step, if both the pointcuts of
the repetitive step and the following step match (this follows from the fact tleatrsh argument of
the choice operator of regular aspects has priority over the second one).

This semantics allows equational reasoning to be applied in order to manu@fygguivalences
between aspect expressions [3-DRI6]. The third property of the sequence aspect mentioned above
can, in fact, be proven using induction of the steps of a sequence.

Implementation-level semantics. The high-level semantics above abstracts from all implementa-
tion details, in particular, the C code generated by the Arachne compilerigtttegn compiled by
the gcc compiler), Arachne's runtime libraries and its weaving strategy i@hegtsentially based on
rewriting of native code). A precise de nition of these phases is nergss establish the correctness
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SA: SequenceAspect INT 73 CGnr

SA seq( AspPrim AspSeqElts AspSeqgEl(n) =
let x =NUM AspSeqEIlts(2)
v =concat( VARs AspPrim,
concat( VARs AspSegElts, VARs AspSeqElt))

in defineAliasAccess( n, LACCs AspSeqElts AspSegElin,1) v, x-1)
PAs AspPrim (n,0,v)
STEPs AspSeqElts AspSeqEln,1,v)
createSequenceAspect( N, X, V);

Figure 4.3: Implementation-level semantics: de nition of sequence aspects

of the Arachne system, for example, in the presence of optimizations peddiyrie gcc compiler
that may in-line function de nitions but that con ict with the same function beirsgd as jump targets
for the rewriting strategies of the Arachne weaver.

In order to prove, at least in principle, the feasibility of the formal de nitaord correctness proof
of the entire Arachne system (modulo the correctness of third-party taoksas the gcc compiler
and the object le linker that are used as part of the Arachne tool chegnhave developed a com-
plete formal semantics for Arachne's aspect language that allowsniegsover the Arachne com-
pilation phase. This implementation-level semantics [3-D8&, Fri05] is de ned as a denotational
semantics [Sto77, Sch86] whose valuation functions map Arachne asgeessions to a domain of
sequences of code generation functions. These code generatiiofigryield the exact C code that
is generated, compiled and executed as part of the Arachne tool cHaey. dE ne symbolic refer-
ences into the base code that are resolved at weave time to interface witinAsaruntime rewriting
libraries.

The well-de nedness of the denotational semantics is straightforwarddblesh because of the
rather simple domain structure of sequences of code generation funcfiptise code generation
functions that are produced may not be removed from such sequafieesards, thus lower and
upper bounds of different elements in the result domains are straightidriie de ne in terms of
lattices over sequences; (ii) all de nitions in the semantics that repeatedlgratides to sequences of
code generation functions only use bounded, i.e., terminating, algorithms.

Figure 4.3 shows a typical excerpt of the implementation-level semanticsehmgsthe seman-
tics of sequence aspects as the valuation funcBAnyields the corresponding sequence of code
generating functions based on the number of elements in the sequenchk (svkiatically known).
The result sequence consists of two groups of functions: a functaduping initialization code and
functions generating output for all steps in the sequence. Concretelipitialization part (here per-
formed by the functionlefineAliasAccess ) sets up the reference to the base code mentioned above
that, in particular, initializes the access to local aliases, and the three remaipirggsions return the
code for the sequence steps.

By successively replacing all non-terminals in the denotation of an aspgietssion using the cor-
responding valuation functions, the implementation-level semantics allows ¢vajerthe exact code
produced by the Arachne compiler (for an example of the rather lengsiitireg C code, see [Fri05],
Sec. 4.2).

While this semantics provides a complete de nition of Arachne's compilationreeheand there-
fore contains de nitions that are as detailed as its implementation itself - it dobg steeting two
important characteristics. First, through a hierarchical design, it peeviigh-level abstract as well
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as low-level detailed de nitions. Second, it supports equational réagdrecause of its pure func-
tional nature. We have applied this last property, for instance, to pra¢hb Arachne implemen-
tation effectively observes the property of sequence aspects mentiwogd in the context of the
high-level semantics: that occurrences of join points matching the initial $tegequence triggers
creation of a new sequence instance without in uencing the matching gs@m/erned by existing
instances. Finally, we have derived performance characteristics dir#tehine implementation from
the implementation-level semantics.

4.3 Conclusion and perspectives

In this section we have shown that expressive aspect languages drasiee EAOP model provide
appropriate means for the modularization of complex crosscutting corioesaguential applications,
both in the domain of component-based software engineering, which éasdrgeted by quite a large
number of AOSD approaches, but also the domain of system-level apptisafar which support
using AOP has not yet been deeply explored.

Software components, which currently are the main structuring mechanidardge-scale appli-
cations, should bene t much from AOP, because of its prevalenceoskcutting functionalities. As
we have discussed most approaches only address the manipulation faicedesf existing compo-
nent models, in particular of industrial component platforms, without exgligiport for composition
properties. In contrast, we have advocated an approach to AOPrfgracents that enables compo-
sition properties to be investigated formally and partially be ensured by ceotistr even in presence
of component-modifying aspects. Technically, this has been realizedyliyg®n protocols to make
explicit in interfaces properties of the semantics of components. Aspecthem used to modify
these protocols. This permits to investigate the in uence of aspects on cempmmperties as well
as component-speci ¢ properties of aspect weaving. Finally, as we staawn that such an aspect
system can be smoothly integrated in industrial-strength component platforms.

The second class of modularization problems we have discussed, sys&ragplications im-
plemented using the C language, poses different challenges than m®fmesoftware components.
First, dynamic weaving of aspects into executing native code imposes s@stiigtions as to the
base language entities that can be referred to in aspects. Secondjaxspeed is crucial, which
precludes the usage of interpretative execution techniques andatigmequires aspect weaving and
execution to be implemented with very small overhead. We have developepeact éanguage for C
featuring nite-state based pointcuts and aspects, devised a corcisgamplementation with small
overhead, and de ned how to treat the resulting aspect system in alfaaya

Perspectives. This work offers a number of perspectives. It provides means, iticpéar, to ad-
dress a general problem of software components that is particular Icfdaicthe modularization
of crosscutting functionalities: striking a compromise between black-boxwdmig-box access of
software components. While software components are most frequently meddas black-box en-
capsulation entities, the need for white-box or gray-box software catigrosnechanisms is well
established [ARMO3]. However, the unstructured access of compiongletmentation, in particular
using aspects, defeats ttason d&tre of components by breaking fundamental encapsulation prop-
erties. Aspects over component protocols essentially provide a blackabdel but can naturally
achieve gray-box like behavior by representing and manipulating additivieamation about the
implementation of a component on the protocol level. More prospectivelyagipsoach promises
to contribute to a general integration of encapsulation mechanisms, includimgs®ocomponents
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but also modules, by generalizing the currently emerging proposals, édgich®s notion of open
modules [AId05]. This lead of further work is discussed in more detail in 6ec

As to the handling of system-level applications, our results prove thaessipe aspect mecha-
nisms can be used even in restrictive execution contexts. The Aragheet éanguage currently still
is, however, subject to several restrictions, e.g., concerning atwessictured and local data that
should be lifted. Our work has already fueled corresponding resegmcinstance on the inclusion
of pointcuts enabling access to C-style records by Yanagisawa et &IDG. A second important
lead of future work consists on the application of the techniques we haetoged for C, an imper-
ative language, for object-oriented languages used for system-t@griapnming, in particular C++.
While we have shown how the Arachne aspect model (regular aspektdiimg) can be transposed
into C++ [5-FSS 05], much work remains to be done to fully explore which language mechanisms
involving OO abstractions, such as late binding in the presence of C++'s muitth@eitance, can be
reasonably applied as part of a strategy of dynamic weaving into natde deinally, the potential
synergies between AO languages de ned based on source-toeswaaving of system-level applica-
tions [CKFS01, SGSP02, ALS* 03] are another prime target for future efforts. Hybrid approaches
that combine aspect weaving at compile and runtime promise, in particular, usee to lift the
restrictions of runtime weaving mentioned above.



Chapter 5

Aspects for explicit distributed and
concurrent programming

Distributed (and to a minor degree concurrent) applications should constifutme target for AOP
methods: they are typically large, abound of crosscutting concernsegmesent a large share of
all practically relevant applications. In fact, two of the very rst aspacguages, COOL and RIDL,
developed by Christa Videira Lopes [Lop97, KL097], respectivetywmied means for the modulariza-
tion of mutual exclusion of concurrent activities and data transfer in dig&tbapplications. Her work
on explicitly distributed and concurrent aspects has been followed upbgniery few approaches,
most notably by the remote pointcuts for distributed AO programming introdugedighizawa et
al. [NCTOA4].

In contrast, there is a large number of approaches that apply AOP teelsrig distributed pro-
gramming by using sequential aspect languages to manipulate platformstfdyudésl application
development. Our approach of AOP over components with explicit protolessribed in Sec. 4.1
belongs to this category, because distribution issues are left implicit (ahhemrgponent identities in
protocols can be used to model, e.g., distribution domains). This is also thiecHsnumerous aca-
demic approaches (e.g., [CC04, DEMO02]) as well as AOP framewank, & Spring AOP [Spr] and
JBoss AOP [JBoa], for the modularization of functionalities in EJB-bassdiglited applications. Fi-
nally, the situation is very similar as far as concurrency is concernedeségl aspect languages are
overwhelmingly used to manipulate frameworks for concurrency, astigaxempli ed by Cunha et
al.'s [CSMO06] who use AspectJ to improve the modularity of concurrentrilgns implemented
using the concurrency library of Javab.

These approaches fall short with respect to the two main characteristicguiue the present
study: declarativeness of aspect de nitions and support for réagabout properties of aspects.
They are not declarative mainly because they do not allow to directly sxpssential relationship be-
tween distributed and concurrent entities. Spring AOP and JBoss AORstance, follow AspectJ's
atomic aspect model and thus do not allow, for instance, to directly expeggonship between
functionalities involving clients and servers but require them to be bro&em éh distinct aspect def-
initions manipulating both separately. It is well-known that such aspectregdteat do not allow to
quantify over different distributed entities in a distributed systems do not atiaencisely express
distributed systems [SLB02]. Furthermore, as in the sequential cadeatsunic aspect de nitions re-
quire the use of non-local state, thus severely hindering reasoning afmmects. The need for explicit
and more declarative pointcut and aspect de nitions for distributedrproming is therefore widely
acknowledged. However, this problem has only very partially beereaddd: in the context of 3-tier

57



CHAPTER 5. DISTRIBUTED AND CONCURRENT PROGRAMMING 58

architectures, for example, almost no support on the aspect langupgershas been proposed, a
notable exception being Cohen et al.'s “tier-cutting pointcuts” [CG04] thabduce a limited from
of quanti cation involving events at the client and server side.

Our approach to address these de ciencies harnesses two chiataserFirst, explicit repre-
sentations of relationships among distributed and concurrent entities orititeyp level through
nite-state based pointcuts. Second, the use of domain-speci ¢ absinaatio the pointcut and ad-
vice levels to reference and manipulate distributed and concurrent sysiRegarding distributed
programming, the language and system of Aspects With Explicit DistributionEB)enables ref-
erences to remote events in pointcuts and the synchronous or asymehremote execution of code
as part of advice. As to concurrency, our recent results on CosrduEvent-based AOP (CEAOP)
allow pointcuts to be de ned in terms of multi-party rendez-vous synchrdiniza la CSP [Hoa85]
and enable synchronization of aspects and base programs using exyplictitronization operators
over (parts of) advice. Both approaches therefore allow non-séigu@rograms to be de ned in
a much more concise and declarative manner than with sequential AOPaappso The AWED
system furthermore has been implemented using a state-of-the-art $adaviraving and execution
infrastructure yielding execution overhead close to a comparable hetidayoptimized RMI-based
implementation. The CEAOP language, on the other hand, supports theatemaof properties of
coordinated concurrent aspects, for instance absence of deaalirogy model checking techniques.

The approach to distributed programming presented in this chapter hasiéegloped in the
context of the PhD of Luis Daniel Benavides Navarro | am supervisimb\dim Vanderperren from
SSEL group at Vrije Universiteit Brussel. The notion of concurrepeass is the fruit of a cooperation
with my colleagues Jacques Nognd RRmi Douence from EMN.

In the following we give a detailed account of the AWED aspect languadesgstem in Sec. 5.1.
We describe the CEAOP approach more succinctly in Sec. 5.2 by briegepting its main charac-
teristics and discussing synergies between aspects for explicitly centand distributed programs.

5.1 Aspects with explicit distribution

Distributed programming poses several new challenges for AOP compmasstjuential program-
ming. Crosscutting concerns depend on execution events occurrirgytasf phe execution of dif-
ferent distributed distributed entities (tasks, machines, cluster in LANsystdms of grids, etc.).
Their modularization typically involves the execution of actions on severahmes at once. Aspects
have to manage distributed state, in particular, when state has to be passaeddchines on which
execution events have been matched to machines where actions have ¢oute@x

These challenges translate into different distribution-speci ¢ requirésrfenabstractions on the
aspect language level:

2 Pointcuts must be able to denote remote execution events.
2 Advice should support triggering of remote actions.

2 Aspects ought to provide mechanisms to manage internal state that maydubahdistributed.
Furthermore, they should support different parameter passing modstafe of the base pro-
gram and aspect-internal state that is referred to in pointcuts and usexide.a

The resulting aspect language should, in particular, be expressivgleno allow abstraction from
auxiliary entities of distributed systems, such as proxies, in favor of dinaciipulation of the corre-
sponding remote entities.



CHAPTER 5. DISTRIBUTED AND CONCURRENT PROGRAMMING 59

Aspect languages for distribution also require speci ¢ execution suppdost fundamentally,
runtime support for aspects in distributed systems need mechanisms toqiepamgote execution
events between sets of sites, thus typically favoring multicast-based comtimmicatead of point-
to-point communication. Second, aspect mechanisms often require appect information to be
passed between distributed entities that cannot be transmitted transpasémgiyinaplementation-
level abstractions in existing platforms for distributed programming. This isdke,dor instance,
in the case of call stack information that has to be passed between machimdsriho implement a
distributed ¢ ow pointcut. Third, some aspect mechanisms, such as addcateon on remote hosts,
calls for advanced execution mechanisms, such as code mobility rathetdhdarsl remote method
invocation. Code mobility is, however, not (or only rudimentarily) suppodedommon implemen-
tation platforms. Finally, it is unclear how distributed aspect runtime systembeaptimized, in
particular whether optimization techniques for aspects developed in thergedsetting carry over
to, or are even meaningful in, the distributed case.

The approach of aspects with explicit distribution (AWED) that we havesld@ed provides a
rst set of solutions to these language-level and implementation-levelsssoe procures evidence
that the resulting approach to the modularization of distributed systems egfgatnables the concise
de nition of distributed crosscutting concerns. In the following we giveoarrview of the AWED
aspect language and discuss how we tackled the implementation challendemetkabove.

5.1.1 Language

The AWED language [5-BNSV06a, 5-BNSVV06] directly addresses the three requirements for
aspect languages for distributed programs introduced above.

Pointcuts may refer to remote execution events in a variety of ways, mostlbabiceestricting
matches of joinpoints to individual or groups of hosts. Host groups eamdmnipulated as rst-class
entities on the language level. Moreover, control- ow dependent arie-state based pointcuts may
match joinpoints occurring on different hosts.

Advice can be executed on (groups of) remote hosts. If an advice isdgduited on multiple
hosts, the order of execution on these hosts can be speci ed explicitijicddan be de ned to ex-
ecute in a synchronous as well as asynchronous manner to the basgaxeThe synchronization
mode also governs the execution of different advice that apply at the ssmoetion event. Data
dependencies between advice and the base program (or among advieeetlsimultaneously ap-
plied) are managed following a by-need synchronization policy realiziad istures [HJ85, PSHO04].
Advice is also used to dynamically register hosts with or remove hosts frohghmsps.

Figure 5.1 illustrates the main features of the AWED pointcut and advice lgaguRemote
pointcuts may relate execution events on different distributed entities as iledstog the solid di-
rected path. Advice execution may be exibly de ned from the perspeatiithe (grayed) local host,
i.e., the host on which the aspect is located (and where matching of the pdiakbeen started):
as illustrated by the dashed arrows advice may be executed on the logahkd®st where pointcut
matching has started, speci ¢ hosts (identi ed, e.g., by their IP addreggpops of hosts.

Aspects, nally, can be distributed through speci ¢ deployment spetiaras that allow to de ne,
in particular, their state sharing properties. Aspects may be deployed —isthakir local state
allocated — on single machines or globally within a network. Aspect state isfaullencapsulated,
it can, however, be explicitly shared among explicitly de ned sets of ingtsuod an aspect that are
located on speci ¢ or groups of hosts.

Example: As a simple example illustrating the use of AWED, let us consider how to resolve
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all aspect {

pointcut  distribution(Facade f):

target () && call (* *(..)) && ! host (ServerAddr)
&& on(ServerAddr);

syncex Object around (Facade f): distribution(f) {
return proceed  (f.getinstance());
}

Figure 5.2: Distribution as an aspect



CHAPTER 5. DISTRIBUTED AND CONCURRENT PROGRAMMING 61

the basic problem that has been identi edy. by Soares et al. [SLB02] as a main issue for
distributed programming with sequential aspect systems: serving a réaunest client, which

is performed through a call to a facade object of the server on the cbshbly a server on an-
other site in a distributed system. In AWED, this execution pattern can simply benmapted

by the aspect shown in Fig. 5.2, which is deployed on all sites in the systespéai ed by

the keywordall ). The pointcutdistribution matches all calls to facade objects on hosts
different from the server host (terhost ) and executes the corresponding advice on the server
(termon)!. The advice is synchronously executed once the pointcut matches endexthe
corresponding server method, which is passed the concrete factuessfrver through which
the call has been made (e.g., in order to distinguish different serveraogst

In order to close this short overview of the distribution features of the AMN&guage, let
us recall the example of replicated caching shown in Fig. 2.4 (see pag8dsifes a simple
use of nite-state based sequences, it also illustrates the use of hagisgmsuccinctly denote
sets of hosts of interest: in the example all hosts belonging to the cache qaariteed upon
using the groupacheGroup .

5.1.2 Implementation

The AWED system also provides rst answers to the implementation issuesiraysaspects in dis-
tributed systems that have been introduced above: support for matéhemgate events, management
of distributed state relevant to aspects, transparent passing of infomnfiatipointcut mechanisms,
multicast communication, code mobility and optimization of aspect execution in digtilsystems.

Instead of implementing AWED ex nihilo, its implementation has been based sGQSVJ03,
JAs], a dynamic weaver for sequential AOP of Java-based applicatpast from the obvious obser-
vation that distributed aspects subsume support for sequential aspsocthioice has been motivated
by several features of the 3€0 system that were directly suitable for extension to the distributed
case. Most importantly, execution events are rei ed in thesQaA runtime system and passed via
connectors (that may provide aspect composition functionality) to asp@otmectors are stored in
connector registries in order to enable dynamic addition/removal of ctomseand aspects. Repli-
cating this infrastructure on the nodes of a distributed system has proyeaid@n ef cient runtime
infrastructure for distributed aspects. The AWED implementation, see [S\BN6a, 5-BNSVV06,
AWE], which is publicly available as a module of the standar¢GaA distribution, installs a connec-
tor registry on each host where an aspect is deployed and propamjapesnts among them as needed.
Second, JACo integrates support for sequential nite-state based pointcuts andtagpg&CDFO05]:
the AWED implementation generalizes these to distributed nite-state based psintcu

Besides extending features of the originals@® system to the distributed case, the different is-
sues speci ¢ to AOP for distribution have been realized within the AWED impldatiem by harness-
ing extension mechanisms of the Java platforms, by resorting to Javadmasetlnication libraries
or by means of AWED aspects themselves. Concretely, transparemhatfon passing required for
control- ow and sequence pointcuts has been implemented based os deeianism of customized
sockets by extending techniques proposed generally for distributgdgpnaning in Java [PSHO4] and
for AOP in particular [NCT04]. Multicast communication that is necessaryféo instance, the prop-
agation of joinpoint representations to the hosts mentioned in differenttearof a nite-state based
pointcut and to advice that is executed on multiple hosts, is realized using thepEommunica-

INote thaton(h) terms appear in pointcut declarations because it is semantically be dasagredicate that restrict
pointcut matches to contexts in which advice can be executéd on
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tion library [JGr]. Remote advice execution is realized by activation of gegpl@spects that refer to
remote state if necessary, essentially a form of weak code mobility [FPVasBirtimimizes transfer
of runtime state. Finally, two features are implemented using AWED aspects themsgharing of
state among aspects and parameter passing between constituents of (e-gtateiteased) pointcuts
as well as between pointcuts and advice.

Performance considerations. The AWED system is implemented by specialized code for AO and
distributed functionalities that makes extensive use of theCYAimplementation, the standard Java
platform and third-party extensions of the Java platform, such as theug&iibrary. This raises
the question how it compares to alternative implementation strategies with réspeeicution ef-
ciency. Generally, the ef ciency of software systems typically is evaldady benchmarking them
against comparable systems, by macro-benchmarks (determining thead¢hley induce in reason-
ably sized applications) and micro-benchmarks (determining the overlisathth execution patterns
implemented with and without the technology of interest).

Since there is no system for aspects with features for explicit distributiorseviset of fea-
tures comes close to AWED, we have run microbenchmarks and compard&eDAWMIplementa-
tions to functionally and distribution-wise equivalent hand-optimized implemengatismg RMI
only [9-BNSV* 06b]. These evaluations have revealed a small but non-negligiblerpenice over-
head of a factor of 1.5-4 for AWED compared to a plain Java implementatiome¥s, a closer
analysis of the performance bottleneck has shown that almost all of thisead stems from use of
the JGroups library for multicast communication: JGroups provides a comatigmianodel that by
default is generic and can accommodate different transport protaculelbas different communica-
tion policies (such as resending lost messages until transfer succédtity we plan to exploit this
feature (see the discussion of perspectives at the end of this chaptémplementation of multicast
communication that is specialized to our current needs would almost entirely aléromerhead of
AWED compared to a hand-optimized RMI implementation.

Finally, it is interesting to note that AWED is fully compatible with the sophisticated opétita
mechanisms that are part of thesl2o system. JACO uses two specialized optimizing modules for
pointcut matching and the integration/removal of aspects during runtime [V¥bd implementation
of the AWED system has been carefully designed not to impair these optimigagian, by ensuring
that communication does not interfere with these optimizations.

5.2 Coordination-centric concurrency control using aspects

Much like distribution, concurrent execution of activities frequently scogs base functionality. Fur-
thermore, concurrency control is often performed by following a nurobesell-de ned concurrency
patterns using well-known concurrency primitives [Lea96]. As in theiBistied case, this argues for
the use of a domain-speci ¢ aspect language for coordination of coeruactivities. Unlike dis-
tributed programming, concurrent programming is frequently modeled adination between a set
of different activities of equal status. Such a coordination-centrisgestive does not t well with ap-
proaches to concurrent programming that employ aspects to introduceoaadiscurrency primitives
into a base application that is not concurrent.

Example: Consider, for example, an e-commerce scenario in which updates to dksve v
on the product database are introduced using aspects. Such updgtes/ohge operations
which in uence or not an on-going transaction of a client. If they do thiegud probably
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be performed in a synchronous manner to transactions so that clientsaanged to get
updates as soon as possible, otherwise they may be performed cotlguodéransactions. A
coordination-centric approach permits to directly express that the dapetibnality, i.e., view
updates, should be performed concurrently or not with the transactaihey than express that
low-level synchronization operations should be executed at spececigion events.

However, almost all existing approaches to AOP for concurrency @o(itrcluding those by
Lopes and Cunha cited in the introduction to this chapter) belong to this clagantrast, a coor-
dination-centric approach to concurrency control with aspects allowsréotly express arbitrary
functionality modularized using aspects with a base application as well as wéhapects. In the
following we rst detail the main features of such an approach to coecrgspects and then sketch
our rst results on a corresponding aspect system, ConcurrenttEAO

5.2.1 Abstractions for AO concurrency control

Concurrency control through coordination of aspects and basegmsgmost prominently relies on
an appropriate notion of the entities of aspects thatiaies of concurrencyand with respect to what
events of the base execution these units can be synchronized with. \&exX@alered coordination
expressed directly terms of the abstractions provided by aspect lagyuRgintcuts may be matched
concurrently, e.g., independently during execution of concurrentguging threads of the base pro-
gram. AspectJ-style advice provides useful abstractions for synidatemn of base programs and
aspects: after advice, for instance, may be executed in sequenagcarmemtly with the base execu-
tion following the joinpoint whose match triggers the execution of the adviceudd advice allows
for more exible synchronization patterns because parts of arounid@dvay be synchronized inde-
pendently. Before advice, in contrast, can only be executed in a s&gjueanner before the matching
joinpoint.

Once a well-de ned notion of entities of aspects that can be synchrohggtieen de ned, exist-
ing formalisms for concurrency, for example one of the numerous psaadsuli for concurrency, can
be employed as a basis for language support to coordinate the cori@xeeution of these entities
and the base program. The coordination language for concurrent&ntitit be complemented by a
corresponding weaver de nition. This proceeding promises to enabiegiaeasoning about concur-
rent aspects by harnessing properties of the underlying concyri@mealism, provided that there is
a suitable formal weaver de nition.

Since such language support expresses coordination between entitieglg it is possible to
de ne composition operators that provide abstractions of concurrpattgrns on top of basic AO
concurrency control mechanisms. Such composition operators caethdmuparticular, to de ne the
synchronization of the concurrent entities of several advice that a@pfie same joinpoint. This way,
composition operators address, in particular, the problem of interacti@mourrent aspects.

Furthermore, such a notion of concurrent system can be implementedcasiogrrency abstrac-
tions of mainstream programming languages, because it relies only on simple@yization opera-
tions to be weaved around the entities of concurrent execution.

Finally, let us note that such a model instantiates the EAOP model as introdiused. 2.4 in that
it supports expressive aspects at the language level, reasoningpabperties of AO programs and
mechanisms for explicit aspect composition.
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5.2.2 Concurrent Event-based AOP

The model of Concurrent Event-based AOP (CEAOP) [5-DLBNS@AL; which we have recently
proposed, realizes a coordination-centric AO approach for cosaeyrin the sense above.

Units of concurrency. Units of concurrency are de ned as outlined above: pointcuts can bénetatc
on different threads simultaneously and parts of advice can be synzbdowith the base execution
and one another.

Before and after advice can be synchronized as discussed ali@/mdEt interesting case, around
advice, deserves further explanation. Around advice can call thefbastionality whose matching
has triggered the advice using the special metitocked . Advice that callgroceed is structured
in three execution segments: the segment before the gatdteed , the execution of the base func-
tionality represented by the call itself and the segment after the call. These tegments give
rise to different quite natural coordination strategies: the before sagmsrto be executed before
the matched base functionality is executed, but the after segment may legkegnchronously or
asynchronously with the base execution following the matched joinpoint.

In the case of different advice that apply at the same joinpoint, richedowdion strategies can
be de ned. In sequential languages following the AspectJ model, deadvice are totally ordered
and the before and after segments of around advice are executedsited fashion. In the concurrent
case before (after) segments of different advice may be executeadircarcent or sequential manner.

Around advice in AspectJ can call base methods multiple times using calls to ttial spethod
proceed . The corresponding segments before, between and after calteceed are potential
concurrent entities. However, there are two technical dif culties. Fgsgments between calls to
proceed cannot be unambiguously mapped to base functionality with which it shoulddoeid in
a sequential or concurrent manner. Second, how should arouinmkdnly coordinated with the base
execution in the case of replacement advice, i.e., the advice-triggeriegiethod is never called.
These two issues have been addressed as follows: (i) CEAOP admitsnenbalb toproceed ; (ii)
if the base functionality is not called, the keywaido has to be used to mark the occurrence of the
triggering base method relative to the around aspect.

Language: concurrent aspects and their composition Concurrent aspects in CEAOP are de ned
based on the formalism Finite State Processes (FSP) [MK99]. FSPs altmureent processes to be
de nedin terms of nite-state transition systems. CEAOP pointcuts corresfmsuich FSP automata,
while advice is associated to individual transitions in this automata. The restttia@spect language
therefore is similar to the language of regular aspects, see Fig. 3.2, with imexaaption that advice
is structured in before and after segments that are separated by a dtiketqpmceed or skip as
described above.

Similar to regular aspects (cf. Sec. 3.3), CEAOP provides languag@sdudppaspect composi-
tion. In the case of CEAOP, these operators allow to coordinate diffsegmients of advice that apply
at the same execution event among another or with the execution of theubasieriality. Such an
operator can, for instance, execute all before segments of all agppbgrag at one execution event in
a nested sequential fashion and execute all corresponding afterrgsgrarcurrently. Formally, the
composition operators are de ned as FSP processes. They realize aamety of basic concurrency
patterns that can be combined freely to implement sophisticated coordinatitegsts of concurrent
activities.
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Weaving of concurrent aspects and property support. Weaving of CEAOP aspects is formally
de ned by a transformation that maps aspects built from FSP expressigasted advice de nitions
and composition operators into FSP process de nitions.

The weaver instruments the base program, aspect expressions andsit@npperators with
synchronization events that correctly “implement” the coordination strategyed by the concurrent
aspect program. Basically, synchronization events are introducedittaitdbe units of concurrency,
i.e., segments of advice and base instructions corresponding to matchedirjtinpComposition
operators are de ned such that their synchronization events can it édiewith those of aspects and
the base program and thus apply the coordination strategy embodied ynipesition operators to
its argument aspects. Technically, the main issue for this approach is te da imstrumentation that
introduces synchronization events that do not cause erroneoustitiesabetween different aspects
and composition operators, all of which are de ned independently frach ether. Such interactions
are all too common in approaches like FSP where processes are gyimelrthat wait for events of
the same name.

Since base programs, composition operators and the weaved progeamiseastate processés
existing analysis techniques and tools for this concurrency calculusecasdul to formally establish
properties over concurrent AO programs. The model checker Labé&tnsition System Analyzer
(LTSA), in particular, allows to verify FSPs safety as well as some lifea@skdeadlock freeness
properties.

5.3 Conclusion and perspectives

In this chapter we have motivated and introduced language supporefordgtiularization of crosscut-
ting concerns for distributed and concurrent programming. In botrsdgseresulting aspect models
enabled much more declarative aspect de nitions than with existing aspstetnss because of the
integration of non-atomic aspects and the de nition of aspects in terms of despati ¢ abstrac-
tions. Furthermore, both models provide explicit support for the composifiaspects. Finally, we
have shown that aspects with mechanisms for explicit distribution can benedag implemented us-
ing standard infrastructure for distributed systems. Our approach twgent aspects allows formal
reasoning about correctness properties, which are especially impfmtaoncurrent applications.

Perspectives. The work described in this chapter opens up a large number of newepéigs. A
comprehensive “theory” of aspects for distribution and concurr@nalably is one of the key issues
not only in AOP but for software engineering in general: we will discugsiisue in some detail in
Section 6.

Since concurrency issues obviously are an integral part of distritagplications, integration a
model of concurrent aspects into one for distributed programming is arestiey perspective. As
discussed the AWED model already includes a rather rudimentary modilef@oncurrent execu-
tion of remote advice. This model could certainly be enriched by integratimgeslts of the CEAOP
model. However, such an integration raises two important question. Framcaptual viewpoint, is
is to be evaluated to what degree an integration is useful: the CEAOP modatémasieveloped for
complex concurrent applications, such as graphical user interthetsequire sophisticated concur-
rent coordination Marrying aspects for distribution and concurre@oypcurrency in many distributed
applications is, however, much simpler. Second, on the model level, thdication of concurrent

2Recall that aspects are not FSPs because of interleaved actions.
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activities belonging to different distributed entities has probably be asededifferently than concur-
rency within a distributed entity.

A currently still open question for distributed aspects is how their propecdesbe formally
de ned and reasoned about. A rst reasonable approach is to stemnt&n existing calculus for dis-
tributed programming and extend it with aspect-oriented abstractions intortlen investigate prop-
erties of DO distributed programs. In the case of AWED, Caromel andibleASP calculus [CHO5]
seems particular promising, because it provides support for many etimtsa(e.g., multicast com-
munication, groups of hosts) in distributed programs that are part of thE B\dnguages.

A major open question concerning concurrent aspects is their ef cienemmgntation in main-
stream programming languages. the CEAOP approach relies stronglymotitreof synchronization
by multi-party rendez-vous. These are, however, notoriously dif mumplement using simpler con-
currency abstractions. Furthermore, they do not scale with system glreutvspeci ¢ provisions.
While this is a principle problem if multi-party synchronization is used all oveystesn, a promis-
ing approach is to partition an application into parts that can use only simplenrgymzation means
among one another.



Chapter 6

Conclusion and perspectives

In this habilitation thesis we have explored expressive aspect languadpanme&ms for the modular-
ization of large-scale applications. Based on a taxonomy of advanceuldedor aspect languages,
we have shown that, we have provided a large body of evidence thatiesgdationships between ex-
ecution events on the level of aspect languages foster the precise flermidion of aspect languages
and enable automatic reasoning about fundamental and essentiatipopeAO programs.

As we have shown, this approach that has initially been substantiated inrttexicof different
formal frameworks can be harnessed to address real-world modtitamipaoblems through instan-
tiations of a general model for expressive aspect languages thabkan seamlessly integrated into
mainstream programming environments. We have demonstrated the beneighef-revel abstrac-
tions for aspects in the context of black-box component models and systehprogramming, which
permits only limited access to runtime information and in which execution speed ighté pnpor-
tance.

Finally, we have shown that expressive aspect languages that irdaivain-speci c abstractions
provide substantial bene ts in the domains of distributed and concurmagrgmming, two of the
most important application domains for AOP that until now have been neglecteldrge extent.

Overall, expressive aspect languages therefore support thiegment of large-scale applications
that is based on the concise formulation, analysis and enforcementtdclmoperties even in the
presence of intricate crosscutting concerns. They therefore prom@a@Htee into a central tool for
the development of large-scale software systems from a large rangelafaions domains.

To conclude this thesis, let us brie y consider three more prospectigppetives of further work
that promise to leverage the demonstrated bene ts of expressive dapguatges in the context of
three fundamental problems of today's software engineering: (i) howdoncile modular develop-
ment, in particular information hiding and encapsulation principles, with asg@rtsomprehensive
pattern-based support for the modularization of distributed program@idrespects as a central tool
for general model-driven application development.

Reconciling modular development and aspects

Modular structuring principles, such as information hiding and strongp=utation of software arti-
facts, underlie most modern software development methods. The camdBsg restrictive notions of
access to software entities have proved useful to facilitate understasfdarge software systems as
well as their development, in particular, by allowing separate compilation goldydeent of parts of
large software systems.
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Aspects are all about modularization, however most frequently only in d&ammare restricted
sense than required by the two modularization principles above: aspectdanioe crosscutting
concerns only to that extent that they are represented by one welkdesaftware artifact (e.g., an
AWED or AspectJ aspect). Aspects seem to contradict the modularizatiarigbem in that many
approaches to AOSD have been designed with invasive access torgodirtitacts in mind. Further-
more, the so-called obliviousness property of aspects [FF04], whmhisaunanticipated weaving of
aspects with base programs that have not been prepared for ag@hgvin any way, is in clear
contradiction with the notion of access to modules that is performed solelyghmwall-de ned and
explicit module interfaces. A nearly universal consensus has by newged within the AOSD com-
munity that obliviousness has to be discarded in this cohtext

A model reconciling aspects and traditional modules should allow to adduessians such as to
what extent information hiding and encapsulation properties are pegsand modi ed. Conversely,
it should give information on how modules can be used to limit the effects sspexy have on a
base program. While aspects over black-box component models assdéiddnsSec. 4.1 give rst
answers to such questions, they are of limited value because aspeditackelnox components fully
respect, by construction, the encapsulation properties of the undeclyingonent-based application
and, moreover, reveal few insights on information hiding properties.

Until now only very few approaches have been proposed to recorsglects with modules in
a richer sense. Aldrich [AldO5] has proposed an extension of ML-stydelules that enables the
formulation of restrictions on which interface functions may be advised pgas. The resulting
hybrid model unfortunately very strongly restricts the modularization dppdies by aspects. Some
approaches, such as the aspectual collaborations by LieberhefL&MLO01], provide means to bet-
ter align aspects with the structure (in particular, the inheritance relatiossyioen object-oriented
program. The resulting method does, however, respect only weaksnaton properties. Kiczales
and Mezini [KMO05] have shown how to annotate OO interfaces with additof@mation on where
pointcuts may apply. Their proposal has not (yet) developed into a sytitemethod and does not
enjoy formal support for modular properties, though.

One of the most promising proposals to reconcile modules and aspects ¢ersigai ¢ inter-
faces that mediate between aspects and base programsaspadtual interfacesmay express restric-
tions on aspects that are imposed by the modular structure of the basarprogt also restrictions
or modi cations to the modular structure of the base program that are esbjigir aspect application.
Property-based AOP as advocated in this thesis promises to be usefdéirt@de ne a exible no-
tion of interfaces in this sense. Especially, the aspect applicability condititlmsluced in Sec. 3.2.2
seem to nicely match the requirements for aspectual interfaces. Furtieesitare these conditions
can be used to enforce dynamic properties it is probable that they nicalyiement a recent proposal
for aspectual interfaces by Skotiniotis et al. [SPL06] that de nes medjatiterfaces in terms of the
static structure of OO programs.

Pattern-based distributed programming

Patterns, more speci cally design patterns [GHJV94] and correspgridiplementation-level pat-
terns, have proved to be a highly useful semi-formal resource in sgguprogramming for the

development, understanding and documentation of software systemsrebBiftudies have shown
by now that aspects are bene cial to pattern-based methods in that gikafa the implementation

of patterns, see, e.g., [HK02].

1Obliviousness seems to be indispensable only in the context of aspecttegacy software but not if aspects are
considered as an program construction method.



CHAPTER 6. CONCLUSION AND PERSPECTIVES 69

While distributed programming should potentially bene t much from a pattesethapproach
for reasons similar to those in the sequential case, relatively few apm®axist in this domain,
be they proposed by academia or by industry (see [KS02, AGBT for notable exceptions). Two
characteristics of distributed programming contribute to this problem: (i) disddbcommunication
and computation schemes are frequently of unregular nature so that segplarrpatterns cannot be
employed and (ii) current infrastructure does not allow to directly implememiyrpatterns simply
because the patterns involve distributed entities that have to be treatediardifiarts of a distributed
application.

Expressive aspects with explicit mechanisms for distribution and comayrras presented in
Chap. 5 directly address these concerns: using the AWED appraadnsfance, complex combi-
nation of pipelined computations that are interleaved with master-slave liketexegatterns can
easily be de ned, even if they involve matching of execution event anduti@ of computations
on different machines. Expressive aspects as advocated in this thesid therefore be useful for a
comprehensive approach to pattern-based distributed programming.

Generalizing support for model-driven engineering

Model-driven engineering (MDE) in the sense of application developmeaugh transformation
between models of different abstraction levels (see Schmidt [SchO@] fecent overview) — from
abstract design models via language-level implementation models to executietsmeds highly
interesting as a potentially universal program development methodoldggreTare, however, two
fundamental open issues for MDE as a universal development grq@dsis unclear whether suitable
hierarchized sets of abstractions can be found and (ii) the transformdteiween different levels
have to be precisely de ned and, to a reasonable degree, suppadedhhautomatic transformation
methods.

Crosscutting functionalities constitute one of the main conceptual and tethrotdems in ad-
dressing these issues. Since crosscutting functionalities are relevaurghbut all of such a develop-
ment process, AOSD techniques should be valuable to improve MDE-bastds. Furthermore,
besides the well-known bene ts of aspects on the implementation level (Ballyatiscussed in this
thesis) are complemented by rst clear results concerning bene ts oftA@8hnigues on the design
and architecture level, see, e.g., Sullivan et al. [SGCHO01]. Howesercbncrete representations
suitable for MDE methods have been proposed and, as discussed in $igs ttnere are only very few
automatic techniques for the manipulation of AO programs.

Expressive aspects promise to provide a (partial) solution to this probldegasiton the archi-
tecture, language and implementation levels. Their higher level abstractibtieem up as a useful
intermediate representation of crosscutting functionalities between desigmplementation. Fur-
thermore, their better support for the analysis and enforcement oégirep allows transformation
between different models to be rigorously de ned and supported byraatio tools. Finally, since
they can be integrated in high-level speci cations as well as low-levelgien platforms, they should
be an appropriate tool to ensure properties that relate different etistréevels, such as tracing of
design properties in implementations. This way, the application modi cations te@higkel abstrac-
tions on lower levels should be facilitated.
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